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SUMMARY
Chapter 1 General introduction
Section 1 contains a brief review of the structure and 
function of different muscle fibre types in teleost fish.
Section 2 concerns the structure and function of fish 
liver including the classification of different liver cell 
types, the ultrastructure of fish hepatocytes and liver 
metabolism.
Section 3 The concepts of evolutionary adaptation and 
physiological acclimation are explained and an outline is 
given of some of the underlying cellular and molecular 
mechanisms.
Chapter 2 Seasonal influences on the biochemical composition 
of tissues in dab fLimanda limanda L.)
Seasonal changes in the biochemical composition of liver 
and skeletal muscle have been investigated in juvenile dab 
(Limanda limanda L.) from the wild. The mean values of body 
weight and standard length of the fish sampled were 
27.76+8.20 (g) and 11.79+1.36 (cm) respectively (Mean+S.D., 
n=27-30).
Four stages could be recognized in the energy metabolism 
of dab (Limanda limanda L.) during the course of the year.
(1) Fish fed actively during the summer months (May- 
July) when the sea water temperatures and day lengths were 
9-16°C and 15.1-17.6 h respectively. The peak feeding 
activity was in July, which was coincident with maximal 
annual values of sea water temperatures of 15-T6°C and day 
lengths of 16.3-17.6 h. The tissues of summer-adapted dabs 
contained higher concentrations of protein and triglyceride 
and lower water contents than those of the winter-adapted 
fish.
(2) Tissue energy stores were built up during the autumn 
(August-November) coincident with sea water temperatures of 
9-13.5°C and day lengths of 7,3-14.3 h. The maximal annual 
triglyceride concentrations in liver and red muscle were 
reached in November (liver, 240.21+31,09 mg/g; red muscle, 
24.01+4.33 mg/g), whilst that of the highest annual value in 
white muscle was observed in September (5.51+0.32 mg/g). In 
contrast, the protein concentrations in dab tissues were 
reduced 12-38% below the summer values. The decrease in 
tissue proteins was coincident with an equivalent increase 
in tissue energy reserves, reflecting a quantitative balance 
between the biochemical compositions in dab tissues,
(3) The energy reserves and protein concentrations in 
all tissues were maintained at high levels in December, 
which was coincident with the minimal annual values of sea 
water temperature of 6°C and day length of 7 h. The LDH 
activity in white muscle also reached the maximal annual 
value (38.39+4.20 nmol/g/min) in December.
(4) Fish underwent a period of fasting and depletion 
during the coldest months (January-April) when the sea water 
temperatures and day lengths were 5-7°C and 7-13 h 
respectively. The energy contents, protein concentrations 
and LDH activities in all tissues were significantly 
decreased and reached their lowest annual levels whereas the 
tissue water contents were significantly increased relative 
to the other months.
Chapter 3 Seasonal influences on the ultrastructure of 
myotomal muscles of dab (Limanda limanda L.)
Seasonal influences on the ultrastructure of myotomal 
muscles of the immature dab (Limanda limanda L.) have been 
studied. Fish specimens were taken from the same population 
of animals as in chapter 2. The fractional volume (%) of 
each fibre type occupied by mitochondria, myofibrils and 
lipid droplets was determined using a point counting 
morphormetric method.
Red and white muscle fibres can be distinguished in the 
trunk by ultrastructural criteria. The arrangement of 
myofibrils in both red and white muscle fibres is present as 
a typical pattern of teleosts. The volume density of 
mitochondria in red muscle fibres was found to be minimum in 
the spring (April, 23,0+1.4 %), highest in the autumn 
(October, 45.7+2.6 %) and intermediate during the other 
times of the year. In contrast, the volume density of
mitochondria in white muscle fibres was lowest in the early 
winter (December, 5.1+0.6 %) and highest in the spring 
(April, 11.4+1.1 %). The proportion of subsarcolemma1 
mitochondria to interfibrillar mitochondria in red muscle 
fibres also varied seasonally from 2.7+0.6% (in December) to 
7.9+0.9% (in April), suggesting a shift in mitochondrial 
distribution in red muscle fibres following seasonal 
acclimatization.
The volume density of lipid droplets in red muscle 
fibres was highest in December (7.6+1.3 %), which was 
coincident with sea water temperature of 6°C and day length 
of 7 h. The December values of the fractional volume 
occupied by lipid droplets were more than 2 times higher 
than October (3.3+0.5%), 4 times higher than June (1.9+0.5%) 
and 10-15 times higher than the other months.
Seasonal starvation was associated with significant 
decrease in the volume density of mitochondria and lipid 
droplets in red fibres as well as myofibrils in white muscle 
fibres.
Chapter 4 Seasonal influence on the ultrastructure of 
hepatocytes of dab (Limanda limanda L.)
The dab (Limanda limanda L.) exhibited marked seasonal 
alterations in the ultrastructure of hepatocytes during the 
year. Endoplasmic reticulum (ER) was more dilated and Golgi 
complex were highly developed in the hepatocytes of winter-
adapted dabs. Mitochondrial profiles were also found to be 
well organized in the hepatocytes of winter caught animals. 
The hepatocytes in the summer-adapted dabs were 
characterised by containing enormous lipid droplets whereas 
those in the autumn-adapted fish were featured by numerous 
lipopigment-like granules. Different forms of hepatic 
glycogen and triglyceride were observed in the hepatocytes 
of dab (Limanda limanda L.) throughout the year. In the 
autumn, the hepatic glycogen and triglyceride existed in a 
form of loosely packed homogeneous masses throughout the 
cytoplasm whereas a more densely packed form for both 
glycogen and triglyceride was observed during the winter.
Chapter 5 General discussion
The major findings in the present study are discussed in 
relation to seasonal influences on tissue composition and 
ultrastructure of myotomal muscle fibres and hepatocytes in 
the juvenile dab (Limanda limanda L.). Some suggestions for 
further works are given.
Chapter 1
General introduction
1. The structure and function of fish muscle
The power requirments of terrestrial locomotion usually 
increase linearly with speed. The higher density of water 
over air implies that drag on the body and thus power 
requirements to maintain a given speed is much greater in 
water than on land. In the aquatic environment, the power 
required to swim increases as a cubed function of speed 
(Webb, 1975," Black, 1983). To meet this demand for power, 
fish require large number of muscle fibres which can deliver 
a high power output. The trunk musculature of a fish can 
constitute 40-75% of the total body mass of which 90% may be 
fast contracting fibres for burst swimming (Greer-Walker & 
Pull, 1975; Bone, 1978).
1.1 The orgnisation of myotomal muscles
The axial muscles in fish are segmentally arranged into 
myotomes. Individual myotome consists of muscle fibres that 
are inserted, via tendons, at both ends into sheets of 
connective tissue called myosepta or myocommata. The 
myosepta form a series of overlapping cones which are
stacked parallel to the longitudinal axis of the body, 
giving rise to the chracteristic W-shape appearance of 
myotomes in longitudinal section (Alexander, 1969). Each 
cone makes an acute angle to the body axis that is in the 
opposite direction to the acute angle made by the fibre to 
the body axis. The shape of successive myotomes changes 
along the length of the body, the angles between the fibres 
and myosepts becoming more acute towards the tail. Within a 
myotome, the majority of superficial fibres run parallel to 
the longitudinal axis of the body, whilst deeper fibres make 
angles of up to 40° (Alexander, 1969). In teleosts such as 
the common carp (Cyprinus carpio) (Rome et al. 1988) and the 
atlantic cod (Gadus morhua L.) (Videler, 1985), the muscle 
fibre trajectories form a series of helices arranged in 
coaxial bundles. The geometric arrangement of myotomes and 
muscle fibres is thought to provide a significant mechanical 
advantage during flexion of the fish, which helps to 
generate large force with a small percentage shortening of 
muscle blocks (Alexander, 1969; Gardner-Medwin & Curtin, 
1990).
1-2 Fibre types
Many fish have two distinct types of myotomal muscle 
fibres, red (or slow) and white (or fast) (Bone, 1966; 
Greer-Walker, 1970; Greer-Walker & Pull, 1975). The red 
fibres usually form a superficial layer extending all over
8the trunk, as in the dogfish (Scyliorhinus caniculal (Bone & 
Chubb, 1978), or a discrete wedge around the lateral line, 
as in the brook trout (Salvelinus fontinalisl (Johnston & 
Moon, 1980). Exceptions are found, however, in some pelagic 
fish such as skipjack tuna (Katsuwonus pelamis), which 
contains an internalised red muscle mass in addition to a 
wedge of red muscle around the lateral line (Carey & Teal, 
1966). The proportion of red fibres in the myotomal muscle 
varies among fish species, which is highest in active 
pelagic families such as Scombridae and Clupeidae and lowest 
in bottom dwelling predators, deep-sea fish and those 
species which use their fins as a primary means of 
locomotion. In a survey of 84 species of marine fish, Greer- 
Walker and Pull (1975) reported that red fibres constituted 
between 0.5 and 29% of the myotomal muscle mass.
The white fibres lie beneath the red fibres constituting 
the bulk of the myotomal musculature (Greer-Walker & Pull, 
1975).
Other fibre types have been identified. There exists an 
intermediate or pink fibres in some species of fish such as 
the common carp (Cyprinus carpio) (Johnston et al. 1977) and 
crucian carp fCarassius carassius) (Mosse & Hudson, 1977). 
These fibres are situated in an intermediate position 
between the red and white muscle layers (Bokdawala & George, 
1967; Johnston et al., 1974; Mosse & Hudson, 1977), These 
fibres are also called fast oxidative glycolytic fibres, and 
possess values for ATPase activity, aerobic capacity, lipid
content, capillary and mitochondrial density intermediate 
between slow and fast muscle fibres (Johnston et al., 1977; 
Johnston & Maitland, 1980; Akster, 1985). The myotomes of 
some species have a superficial layer of pale muscle fibres. 
Examples are the dogfish (Scyliorhinus canicula L.) (Bone et 
al, 1986) and the stone loach (Neomacheilus barbatulus L.) 
(Kilarski & Kozlowska, 1987).
Fibre types can be divided into subtypes on the basis of
histochemical, ultrastructural, biochemical, physiological 
and imraunohistochemical methods. Bone (1978) has
demonstrated five fibre types in the dogfish by means of
differences in innervation, ultrastructure and histochemical 
staining features, these being superficial red, outer red, 
inner red, outer white and inner white muscle fibres. Also 
two types of red fibres are distinguished according to size, 
aerobic capacity and myofibrillar ATPase activity (Bone & 
Chubb, 1978).
In general, red muscle fibres have distinct M-lines, 
narrow diameters, abundant mitochondria, a well developed 
sarcoplasm and capillary supply (Bone, 1978; Johnston, 
1981b), lower myofibrillar ATPase activity (Johnston et al.
1974), higher activities of tricarboxylic acid cycle enzymes 
(Johnston et al. 1977) and slower maximum contraction 
velocities (Altringham & Johnston, 1982) than white muscle 
fibres.
In contrast, white muscle fibres have relatively few 
mitochondria and a sparse capillary supply (Bone, 1978;
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Johnston, 1981b). White muscle fibres contain a variety of 
mitochondrial contents, around 0.5 to 1.0% in elasmobranchs 
(Kryvi, 1977; Totland et al. 1981) but higher in some 
teleosts, e.g. 8.9% in brook trout (Salvelinus fontinalis) 
(Johnston & Moon, 1980) and 4.5% in the tench (Tinea tinea) 
(Johnston & Bernard, 1982).
1.3 Innervation patterns
In all species of fish, slow twitch fibres are known to 
be multiply innervated (Bone, 1964) and may be activated by 
both junction potentials and action potentials (Altringham & 
Johnston, 1988). Past muscle fibres, however, show a more 
variable pattern of innervation.
The fast muscle fibres in elasmobranchs and primitive 
teleosts are focally innervated (Bone, 1964; Bone & Ono, 
1982). For example, in the fast muscle of dogfish 
(Scyliorhinus canicula L.), each fibre is innervated by two 
large diameter axons which fuse to form a single end plate 
(Bone, 1964, 1972).
Fast muscle fibres in the vast majority of teleosts are 
multi-terminally (polyneuronally) innervated (Bone, 1964; 
Bone & One, 1982). In cod (Gadus morhua^. for instance, each 
fast fibre may receive up to 23 motor terminations 
(Altringham & Johnston, 1981). The number of end plates per 
fast fibre is related to the depth where the fibre is
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situated (Altringham & Johnston, 1981) and the position of 
the fish taxonimically (Bone, 1964, 1970).
The normal response of fast fibres to spinal nerve 
stimulation is an overshooting action potential and a fast 
mechanical twitch (Altringham & Johnston, 1988a), Altringham 
& Johnston (1988) found that in the short-horned sculpin 
(Mvoxocephalus scorpius), the majority of fast fibres in a 
given myotome are innervated by both adjacent spinal nerves, 
and in addition, up to 15% receive input from sub-adjacent 
myotomes. Each fibre in the sculpin contain 8-20 end plates 
derived from 4-6 axons, reflecting a modest amount of 
preterminal branching (Altringham & Johnston, 1989). 
Polyneuronal innervation in the fast muscle of the zebrafish 
has also been studied (Westerfield et al. 1986). The fast 
muscle motorneurones in the zebrafish can be divided into 
two classes, primary and secondary by means of the cell body 
size and positions. Individual muscle fibres receive input 
from a single primary motorneurone, and as many as three 
secondary motorneurones (Westerfield et al, 1986). Each of 
the three primary neurones on the side of each segment of 
the body musculature innervates a specific subset of fibres 
in mutually exclusive areas of the segment (Westerfield et 
al. 1986).
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1.4 Mechanical properties
The parameters of muscle mechanical properties include; 
1) properties intrinsic to the muscle, such as maximum 
tension (or stress), twitch duration, length-force and 
force-velocity curves, and 2) external factors comprising 
muscle strain, strain rates and stimulation.
The complex arrangement and myoseptal insertions of 
fibres in the myotomal muscles of fish makes mechanical 
studies rather difficult. Early studies were restricted 
mainly to fin or jaw muscles (Bergman, 1964; Hidaka & Toida, 
1969; Yammamoto, 1972; Flitney & Johnston, 1979).
By comparing the twitch and tetanus characteristics of 
fast myotomal fibre bundles from the cod (Gadus morhua1 and 
the cuckoo ray (Raia naevus), Johnston (1980) found that 
there are significant differences between the stimulation 
features of the multiply innervated cod and the focally 
innervated ray. The fast myotomal muscle fibres from cuckoo 
ray produce tetani around 5 Hz, whereas tetanic fusion 
frequencies are around 40 Hz in cod at 18°C (Johnston,
1980).
A demerabraned, or skinned, myotomal fibre preparation 
was developed by Altringham & Johnston (1982). The 
mechanical properties of isolated muscle fibres at constant 
length (isometric contractions) or during shortening against 
a constant load (isotonic contractions) are commonly 
studied. For skinned fast fibres from cod (Gadus morhua) and
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dogfish f Scyliorhinus canicula'), maximal velocity of 
contraction (Vmax) was around 1-3 muscle lengths s”*^  (L^s”^) 
at 8°C (Altringham & Johnston, 1982). Maximum isometric 
tension (Pq) for skinned fast fibres at 12°C is around 180 
KN m“  ^ (Bone et al, 1986).
Compared with fast fibres, slow fibres take considerably 
more time to reach peak twitch tension following 
stimulation. In the perch (Perea fluviatilis'i , for instance, 
slow and fast opercular fibres took 92 ms and 14 ms 
respectively to reach peak twitch tension at 20°C (Akster et 
al, 1985), Maximum force production by slow fibres at 10°C 
is in the range of 50-100 KN m*”  ^ (Altringham & Johnston, 
1982; Bone et al. 1986),
In other vertebrates, skinned fibres generate lower 
tensions than intact fibres (Godt & Maugham, 1977), Julian 
et al (1986) also found that in the fast muscle fibres of 
frog, the shape of the force-velocity curves is different 
between skinned and intact fibres. Similar findings were 
reported for the dogfish (Curtin & Woledge, 1988).
Recently, electrically excitable live fibre preparations 
have been developed for elasmobranch (Curtin & Woledge,
1988) and teleost (Altringham & Johnston, 1988b) fibres. 
Intact fibres from live preparations show a higher Vmax than 
skinned fibres.
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1.5 Muscle fibre recruitment:
Most species of fish swim by the sequential activation 
of myotomes on alternate sides of the body. In the myotomes, 
a spectrum of muscle fibre types are known to be responsible 
for muscle function at different swimming speeds (Bone,
1966; Johnston & Altringham, 1991).
Bone (1966) found that there is a complete anatomical 
and functional division between fast and slow motor systems 
in less advanced species including elasmobranchs, dipnoans 
and primitive teleosts. In dogfish and Pacific herring, for 
instance, low sustainable swimming speeds are powered by the 
activity of slow fibres alone (Bone, 1966; Bone et al.
1978). Burst or non-sustainable swimming is powered by the 
recruitment of fast, glycolytic muscle fibres (Bone, 1966; 
Bone et al., 1978; Johnston, 1981b).
It seems that the evolution of polyneuronal innervation 
in teleosts has some functional significance to muscle fibre 
recruitment during swimming. Many teleosts recruit their 
polyneuronally innervated fast fibres at sustainable 
swimming speeds involving either steady or flick-glide 
swimming (Hudson, 1973; Johnston et al. 1977). For example, 
in the common carp (Johnston et al. 1977) and brook trout 
(Johnston & Moon, 1980) the threshold for the recruitment of 
fast fibres is around 0.8-1.9 body lengths per second for 
fish 40 cm in length at 15°C. The order of recruitment in 
teleosts is red > intermediate > white (Johnston et al.
15
1977)» Rome et al (1988) studied the continuous swimming and 
startle response of carp. They found that optimum power is 
produced during slow swimming by slow muscle fibres. The 
fast muscle fibres of carp shorten at optimal speed and thus 
produce maximum mechanical power during the startle response 
(Rome et al, 1988). The order of fast fibre recruitment 
depends on the depth of the fibre within myotome, with 
superficial fibres being recruited before deeper fibres 
(Johnston & Moon, 1980b).
During swimming, the operation of the complex 
neuromuscular system involves the sequential stimulation of 
muscle fibres on alternate sides of the body to produce a 
caudally running wave of lateral bending, Hess & Videler 
(1984) found that in the saithe, Pollachius yirens, the 
resulting bending moment runs faster than the wave of 
lateral bending. It is also evident that the mechanical wave 
proceeds faster than the electromyographical wave, resulting 
in systematic phase differences between force and length 
cycles along the length of the body (Griliner & Kashin,
1976; Williams et al. 1989), These results suggest that 
muscle fibres are active at different strain rates along the 
body, van Leeuwen et al (1990) developed a model for 
estimating strain fluctuations and power output of the slow 
myotomal muscles of the common carp (Cyprinus carpiol by 
using the techniques of synchronized electromyograph, 
cinematography and electron microscopy. This model confirmed 
that during swimming muscle fibres in successive segments
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operate in different strain ranges and at different 
contraction speeds. For example, slow fibres in anterior 
myotomes were mainly active during shortening, producing net 
positive work over the entire tail-beat cycle. Muscle fibres 
near the anus were active during shortening and lengthening, 
such that the amounts of positive and negative work almost 
balanced each other. In the region of the candal peduncle 
active fibres were mainly being stretched so that they 
produced net negative work. These results suggest that most 
work is done by the anterior myotomes which results in the 
stretching of the posterior muscle and collagen fibres (van 
Leeuwen et al. 1990).
Kinematic analysis of fish locomotion has shown that the 
length changes of the myotomal muscle fibres during steady 
swimming approximate a sine wave (Hess & Wideler, 1984; Van 
Leeuwen et al. 1990). Altringham & Johnston (1990) isolated 
slow and fast fibres from the anterior myotomes of the 
sculpin (Mvoxocephalus scorpius L.) (0.65 body lengths from 
the head) and subjected them to sinusoidal length changes, 
symmetrical about in situ rest length. They found that slow 
fibres from the sculpin at 5°C developed maximum power at 
around 2 Hz, a tail-beat frequency that can be maintained 
almost indefinitly. In contrast, fast fibres of the sculpin 
at 5°C produced around five times more power at an optimal 
frequency of 5-7 Hz (Altringham & Johnston, 1990). Similar 
findings have been reported for the carp (Cyprinus carpio 
L.) (Rome et al. 1988). These results provide one
17
explanation of why different muscle fibre types are needed 
for locomotion.
The changes in sarcomere length during swimming can be 
estimated on the basis of either van Leeuwen et al (1990)'s 
method or Rome & Sosnicki (1991)'s method. Rome et al (1990) 
found that in the common carp (Cyprinus carpio), sarcomere 
length excursions for the slow muscle fibres were typically 
between 1.91 and 2.22 mm for all but the most anterior 
myotomes, corresponding to a strain of ±7.5% resting fibre 
length. Sarcomere length excursions were found to be largely 
independent of swimming speed and temperature (Rome et al. 
1990).
1.6 Contractile protein isoforms
Fish muscle fibres contain various isoforms of the 
contractile proteins which differ with respect to their 
amion acid sequences and functional properties. Contractile 
protein isoforms occur either as multiple gene families, 
such as myosin heavy chains (MHC) (Richter et al. 1989), or 
are produced via an alternate RNA-splicing mechanism from a 
common primary transcript (Nabeshima et al. 1984).
In fish muscle, myosin has a common subunit structure 
consisting of two heavy chains of 200 KDa and four light 
chains (LC) of 17-26 KDa (Focant et al., 1981; Rowlerson et 
al., 1985; Karasinski & Kilarski, 1989). The molecular mass 
of the light chains varies between species. For example, the
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fast muscle of rainbow trout (Salmo gairdneri) has three 
light chains of molecular mass 26.3 KDa (LClg), 20.5 KDa 
(LC2g) and 17.6 KDa (LC3^) (Rowlerson et al. 1985). By means 
of cloning studies, Gerlach et al. (1990) found that the 
common carp possess at least 28 different myosin heavy chain 
genes (Gerlach et al. 1990).
Muscle shortening speed and ATPase activity are largely 
determined by myosin heavy chain composition, but are 
modulated by other proteins particularly the myosin light 
chains (Greaser et al., 1988; Bottinelli et al. 1991). The 
MHC and LC compositions vary between different fibre types. 
For example, in the common carp (Cyprinus carpio L.), 
peptide mapping studies have shown that each fibre type 
contains a distinct isoform of myosin heavy chain (HCg, HCj^  
and HCg) (Scapolo & Rowlerson, 1987). Slow muscle fibres 
have two slow light chain isoforms (LClg and LC2g) (Focant 
et al., 1976; Rowlerson et al. 1985), whereas fast muscle 
fibres have three light chain isoforms (LClg, LC2g and LC3g) 
(Johnston et al. 1977; Yancey & Johnston, 1982). LClg and 
LC3g are alkali light chains which differ in sequence at 
their NH2 terminus, and in other vertebrates these are 
encoded by a single gene with two transcriptional sites 
(Nabeshima et al. 1984). Fast muscle usually have higher 
amount of LC3g than LClg (LC3g/LClg > 1). The ratio 
LC3g:LClg shows considerably interspecific variation in fast 
muscle (Huriaux & Focant, 1985). Fish muscle fibres also 
contain distinct forms of troponin C, I and T (Johnston,
19
unpublished result). Crockford & Johnston (1990) found that 
the fast muscle fibres of the carp contained two different 
isoforms of troponin I which had similar isoelectric points 
but slightly different molecular weight. Troponin I isoforms 
may arise from an alternate splicing mechanism from a single 
gene (Nabeshima et al. 1984).
1-7 Ultrastructure
A number of quantitative studies on the fine structure 
of fish myotomal (Walesby & Johnston, 1980; Johnston & 
Maitland, 1980; Akster, 1981, 1983, 1985; Kilarski & 
Kozlowska, 1985, 1987; Sanger et al., 1990; Sanger, 1992a,b) 
and pectoral muscles (Walesby & Johnston, 1980) have been 
carried out.
The prominent feature of fish red fibres is the high 
mitochondrial volume density. For example, mitochondrial 
volume density in red myotomal muscles of various cold-water 
species is similar to those of mouse and finch ventricle,
38% and 34%, respectively (Bossen et al. 1978). These values 
exceed that found in the most active mammalian muscles 
(Eisenberg et al. 1974). In fish, the mitochondrial volume 
density in red muscle fibres varies among species. For 
example, mitochondrial volume of the red fibres occupy 18- 
24% in the elasmobranch (Scyliorhinus canicula) (Totland et 
al. 1981) and 30% in the chondrostean (Acipenser stellatus) 
(Kryvi et al. 1980). Many teleost species have a
j
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mitochondrial volume density, around 16-41% in red fibres 
(Patterson & Goldspink, 1972; Bone, 1978; Johnston &
Maitland, 1980; Walesby & Johnston, 1980; Johnston, 1981b;
Beardall & Johnston, 1985). The red fibres in the sluggish 
Antarctic silver fish (Pleuraaramma antarctitum) are 
observed to have the highest mitochondrial volume, up to 56%
(Johnston et al. 1988), whereas that of the lowest level is 
found in the elasmobranch (Chimera montrosa), with a value 
of only 5% (Kryvi & Totland, 1978),
Studies to date have shown that fish red fibres have 
well developed sarcoplasmic reticulum and T-tubule system.
T-tubules are observed to locate at the junction of the Z 
disc in myotomal muscles of most species of fish, such as 
pike (Esox lucius L.) (Kilarski, 1966), rainbow trout (Salmo 
gairdneri) (Nag, 1972) and coalfish (Gadus yirens)
(Patterson & Goldspink, 1972). T-tubules are also found to 
situate at the A-1 boundary. Examples are the locomotory 
muscles of the Atlantic hagfish (Myxine alutinesa L.)
(Korneliussen & Nicolaysen, 1973) and trigger fish (Therapon 
iarbua) (Eichelberg, 1976).
Histochemical and biochemical studies have shown that 
red myotomal muscles have a higher concentration of glycogen 
and lipid than white muscles (George, 1962; Bokdawala &
I
George, 1967; Johnston & Moon, 1980). Glycogen particles are |
present either as rosettes or small chains in all fibre |
types but are particularly abundant in red fibres with the i
!
exception of tuna (Euthynnus pelamis) which contains higher |
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glycogen stores in white fibres (Guppy et al. 1979). Red 
fibres have also higher density of lipid droplets than white 
fibres. Lipid droplets are found to constitute 7.9% of fibre 
volume in striped bass (Morone saxatilis) (Egginton &
Sidell, 1989).
In comparison with red fibres, white fibres possess a 
higher volume density of myofibrils and a more extensive 
sarcoplasmic reticulum (S.R.) and T-tubule system (Peachey, 
1965; Flitney, 1971; Johnston, 1981). Longitudinal sections 
of fish muscle fibres show a thinner Z-lines in white than 
red fibres (Patterson & Goldspink, 1972; Bone, 1978). The 
volume density of mitochondria in white fibres is usually 
less than 8% (Bone, 1978).
Alterations in the structure of sarcomere have also been 
reported between different muscle types (Akster et al, 1984, 
1985), In the perch (Perea fluviatilis). for instance, the 
length of actin filaments, the in vivo sarcomere length, and 
hence the degree of overlap possible between actin and 
myosin filaments all show considerable variation between the 
hyohyoid muscle (HH) and the levator operculi anterior (LOP) 
(Akster et al. 1984).
Electron microscopy of myosin filaments in the bare 
region of the A band in teleosts reveals a simple lattic 
structure (Pepe, 1971), which is different from that of 
other vertebrates including other fish (Harford & Squire, 
1986; Squire et al. 1990).
22
1-8 Muscle metabolism
Enzyme activities of red and white muscle fibres
There have been many investigations concerning the 
enzyme activities in various species of fish (Crabtree & 
Newsholme, 1972; Johnston, 1977; Guppy et al-, 1979; Zammit 
& Newsholme, 1979; Moon & Johnston, 1980; Lowery et al-, 
1987; Lowery & Somero, 1990; Foster & Moon, 1991). The 
metabolic capacities in different muscles can be assessed by 
measuring the maximal activities of enzymes in vitro. 
Typically, red muscles contain myoglobin and are highly 
aerobic in their enzyme complement while white muscles lack 
myoglobin and rely mainly on anaerobic glycolysis for their 
energy supply. In the mirror carp (Cyprinus carpio), for 
instance, the activities of hexoliinase, malate 
dehydrogenase, succinic dehydrogenase and cytochrome oxidase 
are 4-8 times higher in the red than white muscles (Johnston 
et al. 1977).
Carnitine palmitoyl transferase activity, a measure of 
the fatty acid oxidation potential of a tissue, is generally 
much higher in red than white muscle (Bilinski, 1974). Most 
species of fish possess amino transferases in which alanine 
and aspartate aminotransferase are quantitatively the most 
important (Walton & Cowey, 1982). Enzymes responsible for 
maintaining ATP supply during muscular contraction such as 
creatine kinase, adenylate kinase and 5' AMP amino-hydrolase
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are particularly important in fast muscles since it 
catalyses the deamination of AMP to IMP thus shifting the 
equilibrum of adenylate kinase in favour of ATP production. 
Determinations of ATP/AMP ratios can be used to indicate the 
metabolic rate of ATP utilization in a large number of 
invertebrate and vertebrate species (Beis & Newsholme,
1975). Muscles with the lowest ATP/AMP ratios usually have 
the lowest rate of ATP utilization and the least variation 
in energy requirement.
Steady swimming
The metabolism of fish muscles during sustained activity 
involves the catabolism of fatty acids, glucose and possibly 
amino acids (Hochachka, 1985). Lipid is an important fuel 
for aerobic metabolism during sustained swimming, 
particularly in those species which undertake a spawning 
migration (Bilinski, 1974). There are differences in the 
sites of lipid storage among fish species. For example, the 
storage sites for triglycerides (TG) in salmonids are 
viscera, fat pad and adipocytes interspersed in the muscle 
fibres whereas in elasmobranchs, triglyceride, the major 
lipid storage compound, is stored in the liver. In general, 
the lipid stores of the less active species of fish are 
mainly in the liver. In contrast, the active pelagic fish 
species have adipose muscles with relatively few hepatic 
stores (Cowey & Sargent, 1979). Fish also display a
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variation of lipid metabolism in different species. Teleosts 
have a higher concentration of triglycerides and non 
esterified fatty acids than elasmobranchs (Zammit & 
Newsholme, 1979), High activity of carnitive palmitoyl 
transferase has been reported in the slow fibres of teleosts 
which is absent in elasmobranchs, indicating a higher 
potential of fatty acid oxidation in teleosts (Zammit & 
Newsholme, 1979). The mechanism of activation of lipolysis 
in fish is unknown but it seems that activation does not 
proceed through a cyclic AMP dependent protein kinase system 
as in mammals (Farkas, 1969).
Many studies have revealed that glycogen is utilized in 
both red and white muscles during sustained swimming 
(Pritchard et al., 1971; Johnston & Goldspink, 1973). 
Glycogen is the primary carbohydrate store and the major 
source of energy for anaerobic metabolism in fish. In red 
muscle glycogen is mobilized via aerobic metabolic pathways 
whereas in white muscle anaerobic metabolism predominates 
resulting in the production of lactate. Smit et al (1971) 
have reported that during sustained swimming, 80% of the 
total energy is produced by anaerobic metabolism in goldfish 
(Carassius auratus).
Burst swimming
Burst swimming is accompanied by extremely rapid 
activation of glycolysis in white muscle (Bone, et al. 1978;
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Hochachka, 1985). For example, in the rainbow trout (Salmo 
aairdneri), almost 50% of fast muscle glycogen is 
catabolised following two minutes maximal swimming (Stevens 
& Black, 1966). The immediate energy supply for contraction 
comes from the hydrolysis of phosphocreatine which is 
catalysed by a single near-equilibrium enzyme, creatine 
phosphokinase (Hochachka, 1985). The activation of anaerobic 
glycogenolysis is followed to supply the energy demands for 
burst swimming, which results in the accumulation of lactic 
acid. There are three main steps in the regulation of 
glycogenolysis in fish fast muscle involving phosphorylase, 
phosphofructokinase and pyruvate kinase (Newsholme & Start, 
1973),
The burst activity is rapidly limited by fatigue due to 
the accumulation of lactic acid via anaerobic metabolism in 
fast glycolytic fibres (Bone et al. 1978). In fatigued 
muscle, ATP is provided by the adenylate kinase pathway (2 
ADP to ATP + AMP). The activation of AMP deaminase is 
necessary for this reaction to proceed, which converts AMP 
to IMP + NHg. The relative importance of these energy 
supplying pathways is clearly related to swimming behaviour 
(Johnston & Altringham, 1991). Johnston & Altringham (1991) 
suggested that 'sit-and-wait' predators generally have low 
endurance at high speed since predatory manoeuvres occur 
over short distances. For example, the Antarctic fish 
Notothenia nealecta, have high activities of creatine 
phosphokinase, adenylate kinase and AMP deaminase and low
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activities of glycolytic enzymes and modest glycogen stores 
(Dunn & Johnston, 1986). In contrast, species with greater 
endurance at maximum speed, such as the skipjack tuna, have 
muscle glycogen concentrations up to 100 nmol glucosyl 
unit/g, and have extremely high activities of glycolytic 
enzymes (Guppy et al. 1979). In salmonids, muscle lactate 
concentrations can reach 40 mM following 15 min strenuous 
activity (Black et al. 1961).
2. Liver
The liver has been studied for a long time. More than 
160 years ago, von Baer (1828) started to investigate the 
embryology of liver development. The liver can be defined as 
a continuous mass of parenchymal cells tunnelled by vessels 
through which venous blood flows on its way from the gut to 
the heart (Elias, 1963).
2.1 Cell types
Hepatocytes are the major type of cells in liver 
constituting 90% of the liver weight and about 65% of the 
total population (Rouiller & Jezequel, 1963). All mammalian 
hepatocytes are sharply angulated and polyhedral in shape 
(Grisham et al., 1975; Nopanitaya & Grisham, 1975). However, 
there is some degree of variability in the form and
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complexity of fish hepatocytes. In goldfish (Carassius 
auratus), for instance, the hepatocytes are barrel shaped 
(Nopanitaya et al, 1979). Fish hepatocytes can be sub­
divided further into two major types on the basis of energy 
reserves in the liver; those whith lipid-orientated 
metabolism and those with carbohydrate-orientated metabolism 
under normal temperature conditions (Love, 1970, 1980;
Welsch & Storch, 1973). The hepatocytes in most fish species 
are arranged as cords, generally two cells in thickness. The 
nucleus contains a double membrane with numerous pores, 
around 400-1000 A on it. The nucleolus is a dense and 
usually eccentric structure formed by the association of the 
nucleolonema and the pars amorpha. The cytoplasm appears to 
contain mitochondria, rough endoplasmic reticulum (RER), 
Golgi complex and occasionally lipid droplets (Eastman & 
DeVries, 1981; Barni, et al. 1985) and pigment inclusions 
(Agius & Agbede, 1984 ; Biagianti-Risbourg, 1991). Fish 
hepatocytes are characterized by large glycogen deposits, 
such as the rainbow trout (Salmo aairdneri) (Scarpelli et 
al. 1963), goldfish (Carassius auratus1 (Yamamoto, 1965), 
largemouth bass (Micropterus salmoidesi (Hinton et al.
1972), and channel catfish ( Ictalurus punctatus1 (Hinton & 
Pool, 1976),
Different cell types are also found in the sinusoids and 
bile ducts of liver. Ito and Nemoto (1952) described three 
types of sinusoidal cells in liver; the "endothelial” cells, 
the "Kupffer" cells, and the "fat-storing” cells.
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The endothelial cells in channel catfish ( Ictalurus 
punctatus ) are squamous in shape with attenuated cytoplasm 
contrasting with thicker, but flattened nuclei (Hinton & 
Pool, 1976). Eurell & Haensly (1982) have found that the 
endothelial cells in Atlantic croaker fMicropoqon undulatus 
L.) appear to project into the lumen of the sinusoid.
The Kupffer cells in channel catfish (Ictalurus 
punctatus), have large cytoplasmic droplets, irregular­
shaped nucleus, a well developed Golgi complex and enlarged 
mitochondria (Hinton & Pool, 1976).
The livers in many fish species have fat-storing cells 
(Ito cells), particularly those of Antarctic fish which 
possess a unique type of fat-storing cells (Eastman & 
DeVries, 1981). The Ito cells in Antarctic fish contain 
large lipid droplets and numerous mitochondria. The 
extensive rough endoplasmic reticulum and prominent - 
nucleolus are thought to be an evolutionary specialization 
related to hepatic function at low environmental temperature 
(Eastman & DeVries, 1981). Specialization to temperature at 
or below 0°C is associated with antifreeze production in the 
livers of some species of Antarctic fish such as the 
Antarctic nototheniid (Paaothenia borcharevinki1 and 
Antarctic eel pout (Rhiaohilia dearbqrni) (DeVries, 1988). 
These antifreezes are either relatively large glycopeptids 
or peptides, which serve to inhibit the growth of ice 
crystals, lower the freezing point of body fluids below that
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of sea water and prevent lethal freezing injury of animals 
(DeVries, 1988),
In the bile ducts there exist "epithelial " cells and 
"dark" cells. The epithelial cells are characterized by 
containing basal nuclei and being associated with rodlet 
cells (Hinton & Pool, 1976; Eurell & Haensly, 1982). The 
dark cells have a much higher density of cytoplasm and 
nuclei than that of neibouring cells. These cells are often 
observed occurring in fasted fish (Weis, 1972).
Exocrine pancreatic cells can be easily differentiated 
from other cell types by the presence of secretory granules 
and an extensive array of rough endoplasmic reticulum (RER) 
(Hinton & Pool, 1976; Eurell & Haensly, 1982).
Macrophages are usually found in certain soft tissues 
such as spleens and kidneys, occasionally livers of 
prolonged starved fish. These cells are featured by 
containing pigments such as melanin, lipofusin and in 
teleost spleen, haemosiderin (Agius & Agebede, 1984). In the 
liver of channel catfish (Ictalurus punctatus1, macrophages 
appear to situate near portal veins and can be easily 
identified by their phagocytized materials which stain 
intensely with toluidine blue and Schiff's reagent (Hinton & 
Pool, 1976).
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2-2 Ultrastructure of hepatocytes
The features of the fine structure of the hepatocytes in 
fish (Bertolini, 1965; Gas & Serfaty, 1972; Weis, 1972; 
Bouche et al., 1979; Nopanitaya et al., 1979; Peek et al., 
1979; Saez et al., 1984; Segner & Branbeck, 1990) and 
mammals (see review by Rouiller & Jezequel, 1963) have 
previously been documented, only a brief review is given in 
this section.
In general, the subcellular morphology of the fish 
hepatocytes is similar in many respects to that reported for 
liver cells in mammals. The hepatocytes of fish have a 
double nuclear envelope derived from the endoplasmic 
reticulum which has been described in mammals (Barnes & 
Davis, 1959; Watson, 1959). In the larval lamprey 
(Petromyzon marinusl. for instance, the nuclear envelope is 
continuous with rough endoplasmic reticulum and is 
perforated by numerous pores of uniform 9 nm in diameter 
(Peek et al. 1979). In golden Ide (Leuciscus idus 
melanotus), the roundish to ellipsoid nuclei are observed to 
occupy an average volume of 210 um^ of cytoplasmic 
compartment resulting in a nuclear-cytoplasmic ratio of 
0.057 (Segner & Braunbeck, 1990). The Golgi complex is 
composed of a stacks of various number of flattened saccules 
or cisternae, 3 to 4 stacks in rainbow trout (Salmo 
aairdneri ) (Berlin & Dean, 1967) and 3 to 5 stacks in golden 
ide (Leuciscus idus melanotus ) (Segner & Braunbeck, 1990),
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which are closely appressed to each other. They are often 
accompanied by numerous membrane-delimilted vesicles with 
electron-opaque or electron-lucent matrices and they are 
always situated between the nucleus and a bile capillary. 
The mitochondria in fish hepatocytes generally appear to be 
round and elongate in shape. They are either distributed 
evenly throughout the cytoplasm or organized in clusters 
around the nucleus and equally located along the cell 
border. There are great variations in the number, size and 
ultrastructure of mitochondria.
In comparison with the mammalian hepatocytes, some 
differences can be found in fish species. For example, the 
storage of lipid in hepatocytes of flatfish is a normal 
process, whereas it is generally considered to be 
pathological in mammals (David, 1964). The mammalian 
hepatocytes usually have a perisinusoidal space of Diss. In 
contrast, the perisinusoidal space of Diss in the 
hepatocytes of the zebrafish (Brachydanio rerio) and the 
mosquito fish (Gambusia affinis ) are greatly reduced (Weis,
1972).
2.3 Liver metabolism
For many years, liver has been a target for study of 
metabolism. A brief review is given in this section. More 
extensive reviews have been written by Cowey and Sargent 
(1979), Walton and Cowey (1982) and Moon et al. (1985).
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Lipid metabolism
Liver is an essential organ in lipid metabolism, 
particularly in fatty acid synthesis. There are three 
origins of hepatic lipids; diet, intrahepatic synthesis and 
mobilization of stored fat.
Lipids are used as the major energy reserves in fish 
species as in mammals. There are, however, a variety of fat 
deposit sites in fish. For example, in teleosts, storage 
deposits occur as adipocytes throughout the musculature, not 
particularly in liver (Love, 1970). In mammals, hepatic and 
intestinal microsomal enzymes catalyze the esterfication of 
glycerol by fatty acyl-CoA derivatives to form 
triglycerides. Triglycerides can be hydrolysed to glycerol 
and non-esterifled fatty acids (NEFA) and transported in 
association with either albumin complex or very low density 
lipoproteins (VLDL), or chylomicrons (Jackson et al, 1976). 
The mechanisms of lipid transport and uptake of lipids by 
extra-hepatic tissues is similar in fish as in mammals 
(Bilinski, 1974; Skinner & Rogie, 1978), In the steelhead 
trout (Salmo aairdneri^. for instance, the triacylglycerols 
and sterol esters are synthesized in the liver and serve as 
transport molecules being incorporated into lipoprotein 
particles (Sheridan & Allen, 1983).
There is a variety of lipid composition in fish livers. 
The lipids in the livers from marine fish are generally 
composed of large amounts of omega-3 series fatty acids
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(Exler & Weichrauch, 1976; Ackitian, 1982). In contrast, the 
livers from fresh water fish have high amounts of 
arachidonic acid, which is relatively low in some marine 
fish, especially those from the northern hemisphere (Exler & 
Weichrauch, 1976). Unlike mammals, many species of fish can 
directly use free fatty acids as the main energy source for 
aerobic metabolism (Zammit & Newsholme, 1979).
Protein and amino acid metabolism
The mechanisms of protein and amino acid metabolism in 
mammalian livers have been well established (see review by 
Tarver, 1963). In fish such as the plaice (Pleuronectes 
platessa), the amino acid transport and interconversions in 
tissues are similar to mammals (Moon & Johnston, 1981). In 
general, the degradation of amino acids is proceeded by 
initial conversion into an intermediate of the tricarboxylic 
acid (TCA) cycle, followed by either oxidation to COg and 
HgO or conversion to glucose or fatty acids. The metabolic 
pathways of deamination (via dehydrogenases or amino acid 
oxidases), transdeamination, or non-oxidative 
decarboxylation may be involved in the initial step. Since 
amino acids can not be stored in the same manner as either 
carbohydrates or lipids, excess amino acids or proteins are 
therefore deaminated and oxidized via the TCA cycle or 
converted into carbohydrates or lipids (Cowey & Sargent, 
1979; Walton & Cowey, 1982).
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In fish, glutamate dehydrogenase (GDH) is the major 
oxidative deamination enzyme (Fickeisen & Brown, 1977). 
However, the GDH activity varies among fish species. The 
teleost livers contain low levels of GDH activity (Moon & 
Johnston, 1981; Ng et al. 1984). Salmon liver maintains a 
high capacity for amino acid metabolism. Thus GDH is found 
at activity levels around 40-55 times higher than those in 
osteoglossids (Hochachka et al. 1978) and 4 times higher 
than mammalian liver (Smith et al. 1975). The glutamate 
oxaloacetate transminase (GOT) activity in salmon liver is 
also higher than in other teleosts (Cowey et al., 1974; 
Hochachka et al. 1978).
Carbohydrate metabolism
Carbohydrates are poorly utilized in carnivorous fish 
(Love, 1970, 1980). Glycogen is the primary carbohydrate 
store in fish and mammalian livers, but its level varies 
acording to fish species (Dean & Goodnight, 1964; 
Plisetskaya, 1968; Valtonen, 1974). In the liver of catfish 
(Ictalurus melas), glycogen is even considered to be the 
main energy reserve due to very high glycogen content 
(Ottolenghi et al. 1981). Generally, many species of fish 
have a larger amount of glycogen, lower aerobic metabolism 
of glucose and higher anaerobic metabolism of glucose than 
that of mammals. For example, in plaice (Pleuronectes 
platessa) (Cowey et al, 1975) and carp (Cyprinus carpio) 
(Creach & Murat, 1974), the aerobic oxidation rate of
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glucose is about 30 times lower than in rat at equivalent 
temperatures. There are three main pathways for the 
metabolism of carbohydrates in fish as in mammals : 
glycolysis, the pentose phosphate pathway, and the 
tricarboxylic acid cycle. The important enzymes in glycogen 
metabolism are phosphorylase, phosphofructokinase (PFK), and 
pyruvate kinase (PK) (Driedzic & Hochachka, 1978),
When fish undergo extensive natural starvation periods, 
gluconeogenésis may be an important source of plasma glucose 
(Renaud & Moon, 1980; Moon et al., 1989; Foster & Moon, 
1991). The key gluconeogenic enzyme is phosphoenolpyruvate 
carboxykinase (PEPCK) and localized to either cystolic or 
mitochondrial compartments in vertebrate livers (Soling & 
Kleineke, 1976). The PEPCK appears occurring primarily in 
mitochondrial compartments in fish species (Phillips & Hird, 
1977; Moon & Johnston, 1980).
3. Adaptation/acclimation
3.1 Adaptation 1i
According to Wells (1990), the term 'adaptation' refers 
to specific properties or traits affecting fitness as well 
as to the processes by which these properties adjust to 
local conditions. Adaptation represents the selection of 
genes coding for traits affecting fitness, but equally the
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process of adjustment may simply involve the 'phenotypic 
plasticity' of pre-existing traits (Wells, 1990).
The concept of adaptation in biology includes two 
meanings: 1) natural selection of adaptive characteristics 
is considered as a determing mechanism of evolutions, 2) 
adaptation to the environment (both physical and biotic) 
accounts for the way of life of present-day organisms. The 
determinants of an adaptation are of three kinds : 1) 
genetically specified, 2) environmentally induced, and 3) 
developmental (Prosser, 1986).
3.2 Adaptations to Environment
Environmental factors modify all organism within the 
limits set by the genotype and development. These factors 
include physical factors, such as temperature, nutrients, 
oxygen, photoperiod, salinity, ion, pH, hydrostatic pressure 
and biotic factors, such as predators, prey, conspecific and 
heterospecific competitors or cooperators-
Changes in tissue and whole-animal function can occur 
over three kinds of time spans. Long-term adaptation results 
in genetic alterations over many generations. Adaptation 
over periods of days, months, seasons is associated with 
biochemical reorganization. Short-term effects of direct 
responses are adaptive to immediate environmental change.
One of direct response is the internal state of the organism 
as a function of the environment. For example, body
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temperature of poikilotherms conforms to that of the 
environment, and many marine animals have osmolality of body 
fluids equal to that of the environment. It is considered 
that all three time courses are genetically coded (Prosser,
1986).
Two general categories of adaptation favouring constancy 
of biological activity (homeokinesis) in different 
environments are recognized capacity and resistance 
adaptation. Precht (1958) defined capacity adaptation as 
those which modify rate processes in order to compensate for 
temperature effects over the normal thermal range of a 
species. In contrast, resistance adaptations are those which 
modify upper/or lower lethal limits, thereby changing the 
temperature over which normal function is maintained.
Capacity and resistance adaptations have been most 
studied for temperature. Evolutionary temperature adaptation 
has been reviewed by Johnson (1990).
Capacity adaptation
Teleosts are well adapted to survive over a wide range 
of environmental temperatures from -1.9^C in polar seas to 
44®C in geothermal hot springs. It is evident that 
temperature is an important determinant of metabolic rate 
(see Johnston, 1990), growth rate (Clarke, 1983; North,
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1990; Mathers et al. 1991), rate of development (Bosch et 
al., 1987) and burst swimming activity (Johnston, 1989).
Krogh (1916) proposed that cold adapted animals would 
increase their metabolic rates to compensate for the 
retarding effects of low temperature. Higher resting 
metabolic rates in nototheniid fish from McMurdo Sound than 
rates extrapolated from temperate fish cooled to Antarctic 
temperatures were observed and termed 'metabolic cold 
adaptation' (MCA) by Wohlschlag (1964‘). A number of 
investigations have been carried out on measurements of 
oxygen consumption in fingerlings and polar fish 
(Wohlschlag, 1960, 1964; Ralph & Everson, 1968; Holeton, 
1974; Smith & Haschemeyer, 1980; Morris & North, 1984). 
However, earlier studies were criticesed for failing to 
account for the effects of stress and activity on oxygen 
consumption (Clark, 1983; Johnston, 1990). It is likely that 
a direct test of metabolic cold adaptation is impossible in 
its present form. The tropical and temperate species, for 
instance, either died or became comatose at polar 
temperatures, or alternatively results in a wide range of 
predicted oxygen consumptions (Johnston et al. 1991), The 
prediction of elevated metabolic rates in cold-adapted 
species depends on comparing species of similar life-style, 
life histories and energetic strategies (Cossins & Bowler,
1987). No higher scope could be found for aerobic activity 
of Arctic copepods (Hirche, 1987) and Antarctic fish 
(Forster et al., 1987; Johnston et al. 1991) than for
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temperate species of similar size and locomotory habit. It 
therefore follows that maximum aerobic activity levels must 
be constrained in these species.
1991).
Johnston (1987) found that Antarctic fish tend to have 
higher densities of mitochondria in slow muscles than those 
of temperate species. For example, the slow muscle fibres of 
the sluggish Antarctic silverfish, Pleuraaramma antarcticum 
were found to contain mitochondrial densities up to 60% 
(Johnston et al., 1988; Johnston, 1993). Higher densities of 
muscle mitochondria may provide partial compensation for the 
detrimental effects of low temperature on enzyme reaction 
and diffusion rates (see Johnston, 1990).
Resistance adaptation
Resistance adaptation to cold, heat, salinity and oxygen 
may involve extensive biochemical changes (Prosser, 1986). 
Polar fish exhibit numerous resistance adaptations to 
maintain homeostasis at low temperature and avoid lethel 
freezing injury (see Johnston, 1990). For example, the 
winter flounder (Pseudonleuronectus americanus  ^ possess 
antifreeze peptide with a molecular weight, 3,300 Daltons 
(Lin, 1983).
Antifreeze production is a typical freezing avoidance 
strategy employed by polar fish. Five major classes of
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antifreeze compounds have been identified (see Johnston, 
1990). The antifreeze proteins depress the freezing point of 
water through a non-coiligative mechanism termed 
"absorption-inhibition" (see DeVries, 1988). The production 
of antifreeze proteins represents an evolutionary adaptation 
in marine teleosts from both hemispheres (Scott et al.
1986). In boreal species, antifreeze production is seasonal 
and often initiated by environmental cues other than low 
temperature, particularly short day lei&hs (O'Grady et al., 
1982; Scott et al., 1986; DeVries, 1988). The diversity of 
structure of antifreeze proteins reflects their disparate 
evolutionary origins (Davies et al. 1988).
Resistance adaptations are also evident in tubulin 
formation (Detrich & Overton, 1988), membrane properties 
(Cossins & Bowler, 1987) and blood sodium chloride levels 
(DeVries, 1988).
3.3 Acclimation
Physiological responses to a well-defined stimulus under 
laboratory conditions are termed acclimation (Prosser,
1973).
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Patterns of acclimation
Patterns of acclimation have been classified by Precht 
(1958), which include: 1) overcompensation, 2) perfect 
compensation, 3) partial compensation, 4) no compensation, 
and 5) inverse or paradoxical compensation.
Examples of patterns of temperature acclimation are 
reported for some species of fish (see Cossins & Bowler,
1987). With respect to oxygen consumption, fish tissues such 
as liver and red muscle have been observed to show either 
perfect compensation (type 2) or overcompensation (type 1), 
whilst based on the oxygen consumption of whole animals type 
2 and type 3 are the most common responses to thermal stress 
(see Cossins & Bowler, 1987). Most senothermal species of 
fish show a 'no compensation' (type 4) response (Cossins & 
Bowler, 1987). Examples of type 5 (inverse or paradoxical 
compensation) have been reported in several teleost species 
(Hazel & Prosser, 1974; Cossins & Bowler, 1987).
Temperature 
Energy metabolism and oxygen consumption
With respect to energy metabolism, an estimate of total 
energy production can be obtained from measurements of 
oxygen consumption provided there is no net contribution 
from anaerobic pathways (see Johnston & Dunn, 1987).
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Standard or basal metabolism is represented by the oxygen 
uptake of animals in the post-absorbtive state in the 
absence of activity.
When oxygen consumption or activity of an energy- 
yielding reaction is measured at an intermediate temperature 
and the temperature is then lowered, the rate first declines 
in a direct response. The magnitude of the response may be 
adaptive in that the Q^o usually greater for constant- 
temperature species than for variable-temperature species 
(see Prosser, 1986), Acclimation temperature has been shown 
to affect both basal and maximal energy flux in the goldfish 
(Carassius auratus ) (Fry & Hochachka, 1970). It was found 
that in largemouth bass (Micropterus saJmoides), aerobic 
scope increased between 15°C and 30^C but was lower at 35°C 
than 30°C (Beamish, 1970). Jones (1971) suggested that the 
temperature at which aerobic scope starts to decline marks 
the point at which energy demands for ventilation can no 
longer be met.
In some freshwater species, increased oxygen demand at 
higher temperatures is met by increasing the oxygen-carrying 
capacity of the blood. For example, there is a direct 
correlation between the composition of the blood and 
acclimation temperature in brook trout (Dawilde & Houston, 
1967), carp (Houston & Dewilde, 1968) and rainbow trout 
(Houston & Dewilde, 1969). However, the relationship between 
acclimation temperature, basal oxygen consumption and active 
oxygen consumption is complicated by interspecific variation
43
in activity patterns since activity has a stronger effect on 
total energy production than changes in acclimation 
temperature (Brett, 1964).
Tissue metabolic responses to temperature acclimation 
can be estimated by measuring emzyme activities (see Hazel & 
Prosser, 1974? Johnston & Dunn, 1987), For example, higher 
rates of oxygen consumption have been reported in the liver 
(Stone & Sidell, 1981) and skeletal muscle (Jones & Sidell, 
1982) of cold-acclimated striped bass (Morone saxatilis) 
compared with warm-acclimated fish. These changes are 
accompanied by relative increases in the activities of 
tricarboxylic acid cycle enzymes (Campbell & Davies,’ 1978? 
Kleckner & Sidell, 1985) and are thought to reflect an 
increase in enzyme concentration during cold acclimation 
(Sidell, 1983).
Enhanced aerobic capacity of skeletal muscle during cold 
acclimation is also reflected by increases in mitochondrial 
densities (Johnston & Maitland, 1980; Tyler & Sidell, 1984; 
Egginton & Sidell, 1989) and oxygen consumption of isolated 
mitochondria (van den Thillart & Modderkolk, 1978). Changes 
in oxygen consumption of mitochondria are accompanied by 
concomitant modifications of aerobic enzyme activity (see 
Johnston & Dunn, 1987), Higher activities of mitochondrial 
enzymes induced by cold acclimation have been reported for 
the flounder (Platichthys flesus L.) (Johnston & Wokoma,
1986) and the nine-spine sticklebacks (Punaitius punaitins') 
(Gurderley & Foley, 1990).
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An increase of lipid content in muscle fibres of cold- 
acclimated fish may accelerate oxygen flux and provide a 
significant intracellular oxygen store, and hence enhance 
aerobic capacity (Londraville, 1988; Egginton & Sidell,
1989).
Temperature acclimation in fish muscle
Laboratory studies on the changes of structure and 
function of fish muscle induced by thermal acclimation have 
been well documented (for reviews see Johnston & Dunn, 1987; 
Johnston, 1993),
A. Locomotory activity
Fry & Hart (1948) demonstrated that swimming performance 
increases at low temperature and decreases at high 
temperature in cold- than warm-acclimated goldfish. Many 
species of fish such as largemouth bass (Micropterus 
salmoides) (Beamish, 1970), juvenile coho salmon 
(Oncorhynchus kisutch) (Griffiths & Alderdice, 1972) and 
common carp (Cyprinus carpio L.) (Heap & Goldspink, 1986; 
Rome et al, 1985, 1990) show optimal locomotory performance 
at the temperature to which they have been acclimated. 
Reduction of water temperature from 20°C to 10°C is 
associated with a decrease in the recruitment threshold for 
fast glycolytic fibres of carp from 2,6 to 1.4 body 
lengths/s (Rome et al. 1984). This result suggests that at
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lO^C the power necessary to sustain swimming speeds above
1.4 body lengths/s can not be provided by the slow oxidative 
fibres alone. The recruitment threshold speed for fast 
glycolytic fibres from 8°C-acclimated carp has been shown to 
increase (Rome et al, 1985), Rome et al. (1988) found that 
fast and slow muscle fibres are used over a similar range of 
V/Vj^ax (0,17-0.36) at a given temperature. The useful range 
of strain rates is probably explained by decrease in muscle 
efficiecy at low V/V^^x (Curtin & Woledge, 1988), Rome & 
Sosnicki (1991) also found that in the common carp, of
the red muscle fibres in vitro decreased with a Q^q of 1.63 
over the range 20° to 10°C, whereas decreased with a Q^Q 
of 1.13.
Generally, the maximal sustained swimming speed (Ucrit) 
increases with temperature to a maximum and then decreases 
(Beamifeh, 1978, 1981). Cold acclimation has been shown to 
increase maximum cruising speed (Ucrit) at low temperature 
(8°C) in the common carp (Johnston, 1993). Improvements in 
sustained swimming performance with cold acclimation may be 
achieved by either changes in muscle recruitment patterns 
(Rome et al., 1985; Sisson & Sidell, 1987) or an increase in 
the volume of red muscle fibres (Johnston & Dunn, 1987).
Burst swimming speeds seem more independent of 
temperature than sustained swimming speeds in a number of 
species (see Brett, 1970). However, species which show an 
increase in burst swimming speeds with increase in 
temperature have been reported for the mullet (Mugil
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cephalus), spot (Leiostomus xanthurus ) ,  and pinfish (Laaodon 
rhomboïdes') (Rulifson, 1977).
B. Contractile properties
Temperature has a strong influence on the muscle 
contractile properties of some freshwater species (Rome et 
al. 1990). Studies with skinned carp muscle fibres have 
shown that cold acclimation increases force production 
(Johnston et al. 1990), contractile velocity (Johnston et 
al. 1985) and the economy of isometric contraction 
(Altringham & Johnston, 1985). Goldfish fin muscles were 
found to show compensation of contractile properties 
following cold acclimation, the half-times for both 
activation and relaxation of twitch tension at 5°C were two 
times faster in cold- than warm-acclimated fish (Heap et al.
1987).
Fleming et al, (1990) have investigated the mechanisms 
underlying temperature compensation of twitch contraction 
kinetics of a myotomal nerve muscle from common carp. They 
found that the Ca^'^-ATPase activity of S.R.-enriched 
microsomes prepared from fast myotomal muscle was 60% higher 
at 8°C in cold- than warm-acclimated carp, suggesting that 
changes in kinetics and/or density of Ga^^ pumps contribute 
to the observed adaptation in relaxation rate with 
temperature acclimation (Fleming et al. 1990).
A number of investigations have been carried out on the 
aspects of molecular mechanisms underlying changes in
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contractile properties following temperature acclimation 
(Johnston et al., 1975; Heap et al., 1985, 1986; Crockford & 
Johnston, 1990; Gerlach et al., 1990, 1991; Hwang et al., 
1990; Langfeld et al, 1991). Cold acclimation leads to an 
increase in myofibrillar ATPase activity for goldfish 
(Johnston et al. 1975), the roach (Rutilus rutilus L.) (Heap 
et al. 1985) and the common carp (Crockford & Johnston,
1990; Hwang et al. 1990). However, species which do not show 
adaptations in myofibrillar ATPase activity with temperature 
acclimation have been reported for mummichogs (Fundulus 
heteroclitusl (Sidell, 1983), chain pickerel (Esox nicer) 
(Sidell & Johnston, 1985) and striped bass (Moerland & 
Sidell, 1986). It is evident that different isoforms of 
myosin light chains (Crockford & Johnston, 1990; Langfeld et 
al. 1991) and heavy chains (Gerlach et al., 1990, 1991;
Hwang et al. 1990) are expressed in the fast muscle of 
common carp during temperature acclimation.
C. Ultrastructure
Ultrastructural studies have shown that in many species, 
cold acclimation is associated with an increase in the 
volume density of muscle mitochondria. For example, the 
volume density of mitochondria in the red muscle fibres of 
the crucian carp (Carassius carassius L.) was almost two 
times higher in 2°C~ than 28®C-acclimated fish (Johnston & 
Maitland, 1980). Temperature may also produce changes in the 
relative distributions of mitochondria within muscle fibres.
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However, these results are variable between species. In the 
crucian carp, for instance, the proportion of mitochondria 
in the subsarcolemmal zone was found to be increased in the 
red muscle fibres following cold acclimation (Johnston & 
Maitland, 1980). In contrast, no similar changes were 
observed in the striped bass (Egginton & Sidell, 1989).
Tyler & Sidell (1984) measured the harmonic mean of 
mitochondrial spacing in slow muscle fibres from thermal- 
acclimated goldfish. They found that a 23% shorter diffusion 
paty lengty in 5^C- than 25°C-acclimated fibres (Tyler & 
Sidell, 1984). It is considered that higher volume densities 
of mitochondria in the muscles of cold-acclimated fish boost 
the rate of ATP synthesis at low temperatures, reduce the 
average diffusion path lengths between the mitochondria and 
myofibrils, and increase the area of exchange surface 
between mitochondria and cytoplasm (Sidell & Hazel, 1987; 
Johnston, 1993).
Cold acclimation in crucian carp also results in 
increases in the number of capillaries (C) per muscle fibre 
(F), which reflects a higher aerobic capacity in the muscle 
from cold- than warm-acclimated fish (Johnston, 1982).
Penney & Goldspink (1980) found that fast myotomal 
muscle fibres from goldfish acclimated to 5^C have a higher 
surface density of sarcoplasmic reticulum (S.R.) and smaller 
diameter myofibrils than fibres from 30°C-acclimated fish. 
They suggested that these ultrastructural modifications may 
serve to reduce diffusion distances for Ca^^ between
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troponin C and the S.R., thereby partially compensating for 
the limitations imposed by diffusion at low temperature.
This is not always the case. Fleming et al. (1990) found 
that the surface density of the S.R. in slow muscle of 
common carp was higher in fibres from warm- than cold- 
acclimated fish.
Alterations in the contents of muscle energy stores are 
also reported for thermal-acclimated fish (Johnston & 
Maitland, 1980; Egginton & Sidell, 1989; Fleming et al.
1990). For example, the glycogen contents in the muscle of 
crucian carp acclimated to 2°C were two times higher than 
those measured in 28*^ 0 fish (Johnston & Maitland, 1980). In 
contrast, more glycogen was found in warm- than cold- 
acclimated common carp (Cyprinus carpio L.) (Fleming et al. 
1990). In striped bass, lipid droplets were found to 
increase 13-fold from 0.6% to 7.9% in red muscle fibres 
following acclimation from 25°C to 5^C (Egginton & Sidell,
1989) .
D. Biochemical processes
Numerous studies have shown that biochemical adjustments 
can minimize the effect of temperature on the catalytic 
processes of organisms living at widely variable 
temperatures (for reviews see Hochachka & Somero, 1984; 
Johnston & Dunn, 1987; Guderley & Blier, 1988; Guderley,
1990) .
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The biochemical adjustments in fish muscle which are 
induced by thermal acclimation include alterations in: 1) 
the rates of oxygen consumption (Fry & Hochachka, 1970; Rome 
et al. 1985), 2) enzyme concentrations (Wilson, 1973;
Sidell, 1977, 1980), 3) enzyme activities (Shaklee et al., 
1977; Sidell, 1980; Jones & Sidell, 1982; Sidell & Driedzic, 
1985), 4) homeoviscous adaptation in membrane lipids 
(Cossins, 1983; Cossins & Bowler, 1987), 5) the relative 
amounts of isozymes and allozymes (Prosser, 1986; Crawford & 
Powers, 1989), 6) gross shift in metabolic pathways 
(Guderley & Blier, 1988), 7) synaptic membranes such that 
central nervous function and resulting behavior may be 
altered, prefered temperature may change with acclimation 
(Selivonchick & Roots, 1976; Cossins & Bowler, 1987), 8) RNA 
concentrations (Buckley, 1982; Goolish et al., 1984; Mathers 
et al. 1991), and 9) the expression of contractile protein 
isoforms (Crockford & Johnston, 1990; Gerlach et al., 1990; 
Hwang et al,, 1990; Langfeld et al. 1991), which may vary 
according to acclimation temperature and correlate with 
adaptive changes in locomotory performance (Johnston et al.
1990).
Temperature acclimation in fish hepatocvtes
In recent years, the teleost hepatocyte has received 
more attention as a model for environment induced plasticity 
of cell structure. Generally, cold acclimation is
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accompanied by a metabolic reorganization which include; 1) 
a decrease or increase in oxygen consumption rates (Moerland 
& Sidell, 1981; Stone & Sidell, 1981), 2) marked hypertrophy 
of the liver (Walsh et al., 1983; Kent et al. 1983, 1988),
3) enhanced biosynthesis (Hazel & Sellner, 1979; Stone & 
Sidell, 1981; Haschemeyer & Mathews, 1983; Walsh et al, 
1985), 4) a shift from lipid to carbohydrate as a fuel 
source (Stone & Sidell, 1981), 5) haemeoviscous adaptation 
in membrane lipids (Hazel, 1984; Voss et al. 1986), and 6) a 
decrease in some enzyme activities associated with 
detoxification pathways (Hazel & Prosser, 1974).
Cold acclimation also results in alterations in 
subcellular structure of organelles in hepatocytes (Berlin & 
Dean, 1967; Storch et al., 1984; Braunbeck et al. 1987). For 
example, the hepatocytes of rainbow trout (Salrao aairdneril 
at 5°C possess larger amounts of rough endoplasmic reticulum 
(RER) and more highly developed Golgi complex than fish 
acclimated at 18°C (Berln & Dean, 1967). Braunbeck et al. 
(1987) found that the formation of circular mitochondrial 
profiles occurred in hepatocytes of cold-acclimated golden 
ide fLeuciscus idus melanotusi.
Molecular mechanisms that underlie metabolic compensation to 
temperature acclimation
The molecular mechanisms responsible for the observed 
changes in metabolic rates include: 1) quantitative
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strategy, concentrations and hence activities of existing 
enzymes may be varied, 2) qualitative strategy, synthesis of 
new forms of proteins may be induced, 3) modulation 
strategy, the microenvironment (cytosolic pH, membrane lipid 
fluidity) of existing enzymes, phosphorylation and post- 
translational processing may be modified (for reviews see 
Hochachka & Somero, 1984; Cossins & Bowler, 1987; Johnston & 
Dunn, 1987; Teichert & Wodtke, 1987).
A. Quantitative strategy
The activities of enzyme vary with acclimation 
temperature (Hazel & Prosser, 1974). It has been shown that 
the skeletal muscle concentrations of cytochrome c oxidase 
of green sunfish (Lepomis cyanellus’) (Sidell, 1977) and 
cytochrome c oxidase of goldfish (Wilson, 1973) increase 
with acclimation temperature.
Studies with hepatocytes suggest that the control of 
enzyme concentration change rests with the cell itself, 
rather than with systemic control (Moon et al. 1985). Cold 
acclimation leads to increased glucose-6-phosphate 
dehydrogenase (G6PD) activity in catfish liver, and this 
activity increase is attributed to a specific increase in 
G6PD concentrations (Kent et al., 198 3; Kent & Prosser,
1984).
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B. Qualitative strategy
It seems that induction of new isozymic forms of most 
metabolic enzymes is not a widespread strategy employed by 
fish during thermal acclimation (Moon et al., 1985; Cossins 
St Bowler, 1987), A notable exception are the tetraploid 
salmonids (see Hochachka & Somero, 1984). The altered 
expression of enzyme isoforms may result from the 'on-off' 
switching of particular genes (Baldwin & Hochachka, 1970) or 
more commonly involved the change in sub-unit composition 
(Hochachka, 1965). de novo induction of specialized proteins 
that protect cellular function may be an important mechanism 
for tolerance of extremes in temperature. For example, polar 
fish synthesis antifreeze peptides to avoid lethal freezing 
injury (see Johnston, 1990).
Koban et al. (1984) used fish hepatocytes to demonstrate 
that the threshold temperature for producing heat shock 
proteins (hsp) may be modified by the thermal history of the 
fish. Hepatocytes from catfish acclimated to 7oC, produced 
hsp at 15oC, showed no hsp synthesis until 35oC (Koban et 
al. 1984).
C. Modulation strategy
During thermal acclimation, changes in the lipid and pH 
microenviornment surrounding the proteins may have several 
advantages in lieu of changes in the concentrations or types 
of proteins per se. These include; 1) many metabolic systems 
may be effected at once, 2) these environment modifications
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often have a shorter time constant than the induction of 
protein synthesis, and 3) given the high metabolic cost of 
protein synthesis, these microenvironment modifications are 
likely more economical.
Teichert & Wodtke (1987) suggested that there is an 
acclimatory compensation in hepatic cholesterol synthesis, 
which in turn may control changes in membrane fluidity with 
thermal acclimation. Temperature and thermal history are 
also found to alter substrate incorporation into lipids 
(Hazel & Prosser, 1979), total lipogenic capacity and the 
ration of tritium incorporated into fatty acids compared 
with sterols (Hazel & Sellner, 1979; Chang & Roots, 1989), 
fatty acid incorporation into phospholipids (Cossins, 1983) 
and desaturation and elongation of fatty acids (Sellner & 
Hazel, 1982; Hazel & Landrey, 1988).
Hydrogen ions (H+) are known to be the most important 
low molecular weight constituents to influence on the in 
situ structural and functional characteristics of enzyme and 
contractile proteins (Reeves, 1977; Somero, 1981; Walsh et 
al., 1985; Mutugi & Johnston, 1988). The pH of blood and 
many intracellular compartments in fish varies inversely 
with temperature with a change in pH/°C value of around 
-0.018 (Reeves, 1977; Walsh & Moon, 1982; Cameron, 1984).
The change in pH/°C for neutral water between 3^C and 37°^ 
is -0.017, therefore the difference between the pH of fish 
blood and tissue and that of neutral water remains constant. 
These results suggest that fish regulate a constant degree
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of alkalinity in relation to neutral point of water (Reeves, 
1977). This strategy of acid-base regulation is termed 
"alphastat" regulation (Reeves, 1977)..
Alphsatat pH regulation leads to the preservation of 
many key functions of a variety of enzymes in spite of large 
changes in temperature (Somero, 1981). The importance of 
alphastat pH regulation to metabolic homeostasis during 
temperature change depends on how rapidly these pH 
adjustments occur. Walsh & Moon (1983) have demonstrated 
that pHi adjustments in hepatocytes of American eel are 
rapid (in the order of minutes) to temperature changes in 
vivo. The role of these pHi changes as a metabolic 
regulatory signal during changes in temperature is still 
unclear.
Changes in the intracellular pH of muscle with 
temperature are often less than required by the alphastat 
hypothesis (Walsh & Moon, 1982, Mutungia & Johnston, 1988).
It has been suggested that temperature-mediated changes 
in protein conformation provides a mechanism for producing 
enzyme variants, although evidence for such 'instantaneous 
enzymes' is still very limited (see Hochachka & Somero,
1984? Johnston & Dunn, 1987).
The importance of phosphorylation and post-translational 
modification of proteins as a mechanism of modulating enzyme 
function with temperature acclimation has yet to be explored 
(see Johnston & Dunn, 1987; Teichert & Wodtke, 1987).
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Nutrients
Nutritional acclimation in fish muscle
A. Starvation, metabolism and ultrastructure
Many species of fish experience some periods of 
starvation during their life span, which can occur 
cyclically, a reflection of the seasonal availability of 
food, or during particular stages such as spawning and 
maturation (for reviews see Love, 1970, 1980).
Laboratory studies have shown that starvation leads to 
alterations in the lipid and carbohydrate energy stores of 
muscle and a typically increased water content (Love, 1980? 
Sullivan & Somero, 1983? Black & love, 1986). Generally, 
glycogen and lipid stores in starved fish muscle are 
mobilized, with glycogen depleted first (Love, 1970; 
Johnston & Goldspink, 1973; Patterson et al., 1974? Black & 
Love, 1986),
Starvation is also associated with changes in total and 
relative concentrations of muscle proteins and in the 
activities of muscle enzymes (Moon & Johnston, 1980, 1981; 
Sullivan & Somero, 1983? Beardall & Johnston, 1985; Lowery 
et al., 1987; Lowery & Somero, 1990). Loughna & Goldspink 
(1984) found that in the rainbow trout (Salmo oairdneril. 
white muscle protein synthesis decreased rapidly during the 
initial stages of starvation, whereas red muscle protein
57
synthesis was unaffected. Similar findings were reported for 
the barred sand bass ( Paralabrax nebuliferl (Lowery &
Somero, 1990). Lowery & Somero (1990) found that starvation 
in the barred sand bass was accompanied by complex changes 
in the synthesis rates of different classes of proteins 
within white muscle, whereas in red muscle, starvation led 
to no reductions in the synthesis of any protein examined 
(Lowery & Somero, 1990). These results suggest that 
starvation may have differential effects on high and low 
speed swimming abilities (Lowery & Somero, 1990),
Moon & Johnston (1980) measured the activities of 
several glycolytic and gluconeogenic enzymes in the skeletal 
muscle and liver of the plaice ( Pleuronectes platessal. They 
found that the activities of hexokinase, phosphofructokinase 
(PFK), and pyruvate kinase (PK) in white muscle decreased 
significantly following four months starvation, whereas only 
phosphoenolpyruvate carboxykinase (PEPCK) was found to 
increase (Moon & Johnston, 1980). In the white muscle of 
barred sand bass, the activities of the glycolytic enzymes 
all decrease following 4-week starvation (Lowery & Somero,
1990). These reductions in enzyme levels may be a reflection 
of increased protein degradation to supply substrates for 
energy metabolism, and reduced spontaneous swimming activity 
during starvation (Smith, 1981? Lowery & Somero, 1990).
The RNA/DNA ratio has been used as an indicator of 
growth in both larval (Buckley, 1982, 1984) and adult fish 
(Goolish et al., 1984; Black & Love, 1986). Depressed
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RNA/DNA ratios during starvation have been reported in red 
and white muscle of rainbow trout ( Oncorhynchus mykiss) 
(Loughna & Goldspink, 1984), the atlantic cod (Gadus morhua) 
(Black & Love, 1986) and the barred sand bass (Paralabrax 
nebulifer1 (Lowery & Somero, 1990), and the larvae of 
striped bass (Morone saxatilis) (Wright & Martin, 1985). 
Lowery & Somero (1990) found that in the starved barred sand 
bass, the decrease of RNA/DNA ratios in white muscle was 
much greater than red muscle, reflecting different protein 
synthesis rates between white and red muscle during 
starvation (Lowery & Somero, 1990).
The metabolic strategies employed to resist starvation 
vary considerably between different species and appear to be 
related in part to the amount and sites of storage of body 
lipids (Love, 1970). In those species which have high 
concentrations of lipid in the muscle tissue ("fatty fish"), 
there is little protein breakdown even after several months 
starvation (Inui & Ohshima, 1966; Love, 1970). In contrast, 
species with less extensive lipid reserves ("non-fatty 
fish") tend to maintain carbohydrate stores at the expenses 
of peripheral protein via the metabolic pathway of 
gluconeogenesis (Stimpson, 1965; Butler, 1968; Renaud &
Moon, 1980),
Ultrastructural changes in the muscle of starved fish 
include increases in numbers of myofibrils (Patterson & 
Goldspink, 1973; Johnston, 1981) and reductions in 
myofibrillar diameter, glycogen stores and mitochondrial
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populations (Beardall & Johnston, 1983, 1985). Beardall & 
Johnston (1985) found that in the saithe (Pallachius virens 
L.), the volume density of myofibrils declined from, 84% to 
62% in fast muscle fibres, but remained unchanged in slow 
muscle fibres after 74 days starvation. A 37.5% reduction in 
the volume density of mitochondria was also observed in slow 
muscle fibres of the starved saithe (Beardall & Johnston, 
1985).
B. Refeeding, metabolism and ultrastructure
The effects of refeeding have long been known for the 
rat (Tepperman & Tepperman, 1958; MacDonald & Johnson,
1965), which result in a massive increase, the so-called 
"overshoot", in hepatic glycogen.
In species of fish, overshoots in muscle glycogen have 
been reported for the pike (Esox luciusl (Ince & Thorpe, 
1976), the saithe (Pollachius virens) (Beardall & Johnston, 
1985) and the cod (Gadus morhua ) (Black & Love, 1986). 
Exceptions have been reported for the brooktrout (Salvelinus 
fontinalisl (Yamauchi et al. 1976) and rainbow trout (Jurss 
& Nicolai, 1976).
Black & Love (1986) found that overcompensation occurred 
in several metabolites when the atlantic cod were fed after 
starvation. These metabolites comprised the tissue glycogen 
contents, nonesterifled fatty acids (NEFA) in plasma and the 
RNA/DNA ratios of liver, red and white muscle. The differing 
periods of refeeding which gave rise to maximum values of
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red and white muscle glycogen coincides respectively with 
maximum RNA/DNA ratios, suggesting that the purpose of 
considerably high glycogen values was to supply the energy 
for muscle regeneration (Black & Love, 1986). Lowery et al,
(1987) reported that in the red and white muscle of barred 
sand bass, enzyme activities approached control levels 
within 24 h following refeeding and stabilized at 80-90% of 
the control activity after 9 days refeeding.
The effect of refeeding on muscle ultrastructure has 
been reported for the saithe, which showed an overshoot of 
glycogen stores, and a gradual restoration of lipid stores, 
mitochondrial populations and average muscle fibre cross-
sectional areas (Beardall & Johnston, 1985).
Nutritional acclimation in fish hepatocytes
A. Starvation, metabolism and ultrastructure
It is well documented that starvation leads to 
alterations of hepatocyte metabolism (Moon & Johnston, 1980;
Renaud & Moon, 1980; Mommsen et al., 1981; Moon, 1983; i
Suarez & Mommsen, 1987; Rafael & Braunbeck, 1988; Segner &
Braunbeck, 1988; Moon et al., 1989; Foster & Moon, 1991) and !
ultrastructure of teleost hepatocytes (Weis, 1972; Storch &
Juario, 1983; Segner et al., 1984; Storch et al., 1984; j
-iAvila, 1986a,b; Segner et al., 1987; Segner & Braunbeck,
1988, 1990). iI
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Although many species of fish have adapted to survive 
prolonged starvation, the strategies employed vary between 
species. For example, in cod (Gadus morhua); hepatic 
carbohydrate stores are utilized prior to hepatic lipid and 
once the hepatic energy reserves are depleted muscle 
glycogen and protein appear to be depleted simutaneously 
(Love, 1970; Black, 1983). In contrast, in other species 
such as carp (Nagaia &Ikeda, 1971), european eel (Larsson & 
Lewander, 1973) and pike (Ince & Thorpe, 1976), hepatic 
lipid is depleted prior to carbohydrate stores. Moon & 
Johnston (1980) suggested that two phase of metabolic 
adaptation existed in starved fish, a first phase of 
metabolic disturbance, followed by a second phase, the 
establishment of a new homeostasis for maintaining liver 
metabolic integrity. Similar results have been reported for 
the omnivorous ide (Leuciscus idus melanotus L.) (Segner & 
Braunbeck (1988). Two general conclusions have been reported 
for the hepatocytes of starved fish. First, gluconeogenic 
flux is stimulated, particularly from amino acids when 
starvation is accompanied by locomotion (French et al.,
1983; Suarez & Mommsen, 1987). Second, these changes are 
accompanied by increased activities of liver gluconeogenic 
enzymes (Moon & Johnston, 1980; Moon, 1983; Suarez &
Mommsen, 1987) and decreased liver glycolytic enzyme 
activities (Moon et al. 1989). Foster & Moon (1991) found 
that a 7-week fast in the perch (Perea flavescensi resulted 
in an overall decrease in metabolism (hypometabolism) as
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indicated by changes in both enzyme activities and 
hepatocyte flux. Pathways such as lipolysis were maintained, 
but at the expense of other pathways, including 
gluconeogenesis, which decreased relative to body weight 
(Foster & Moon, 1991).
In response to natural food deprivation, fish 
hepatocytes also undergo marked ultrastructural alterations. 
Storch & Juario (1983) found that the prominent 
ultrastructural characteristics of the hepatocytes in fasted 
milkfish (Chanos chanos) were reductions in size of cell and 
nucleus, endoplasmic reticulum profiles and glycogen 
storage, and an increase in mitochondrial size. The effect 
of starvation on the liver of juvenile flounder (Platichthys 
flesus L.) was reported to be associated with a decrease of 
energy reserves, reduction of endoplasmic reticulum and 
increased numbers of lysosomes (Segner & Moller, 1984). 
During starvation, a decrease of cell size is mainly due to 
a loss of glycogen (Segner & Braunbeck, 1988).
B. Refeeding, diet composition, metabolism and 
ultrastructure
Refeeding can result in overshoot of hepatic glycogen
(Black, 1983; Black & Love, 1986). It is evident that amount
and kind of hepatic energy reserves in fish are dependent on 
a variety of endogenous and exogenous factors (Welsch &
Storch, 1973; Avila, 1986a; Braunbeck et al, 1987).
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It has been known that refeeding of starved mammals with 
a high sucrose, fat-free diet results in a dramatic increase 
of liver lipogenic activity and liver lipid levels (Sererson 
et al., 1973; Drake et al. 1983). In teleosts, a 
carbohydrate-rich diet is associated with an enhanced 
hepatic glycogen (Cowey et al., 1975; Hinton & Atkinson,
1982) and lipid storage (Creach & Murat, 1974; Hille et al., 
1980; Storch et al., 1984; Walton, 1986). Leatheland (1982) 
found that hepatic glycogen in the yearling coho salmon 
(Oncorhynchus kisutch) fed with a commercial trout (TC) diet 
was higher than those of fish fed with homogenized adult 
Pacific Ocean coho salmon (PS). Walton (1986) investigated 
the effect of diet composition on fish metabolism. Groups of 
rainbow trout (Salmo aairdneril were fed either a high 
protein/low carbohydrate (HP/LC) or a low protein/high 
carbohydrate (LP/HC) diet for 16 weeks. Fish fed with the 
HP/LC diet had significantly higher levels of lipid and 
protein in liver, but lower levels of glycogen in liver and 
a lower liver-somatic index (LSI) compared with fish fed 
with the LP/HC diets.
The changes in ultrastructure of hepatocytes induced by 
starvation are generally reversible following short periods 
of refeeding (Storch & Juario, 1983; Avila, 1986; Seger & 
Braunbeck, 1988).
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Oxygen
The level of environmental oxygen can alter both 
physiological and biochemical properties of animals (see 
Prosser, 1986), Some species of freshwater fish are able to 
survive low oxygen tensions or even anoxia for long periods.
For example, goldfish can tolerate several weeks of anoxia 
at 5^C or 16 h at 20°C (van den Thillart et al., 1976; van 
den Thillart, 1977).
Energy metabolism of goldfish is mainly described by 
oxygen consumption (Fry & Hart, 1948; Smit, 1965; van den 
Thillart et al. 1976) and carbon dioxide production (Kutty,
1968; van den Thillart et al. 1976). In general, acclimation 
to hypoxia results in an increase in the efficiency of 
oxygen extraction, which is reflected by a reduction in 
spontaneous locomotory activity to decrease the demand for 
oxygen (Hughes, 1973; Lomlolt & Johansen, 1979; Johnston et 
al. 1983).
A tolerance of anoxia is correlated with relatively high 
hepatic and slow muscle glycogen stores (van den Thillart et I
al., 1976; Smith & Heath, 1980; Johnston & Bernard,
I
1982a,b), Johnston & Bernard (1982) investigated the |
metabolism of liver and muscle in hypoxia-acclimated tench j
I
(Tinea tinea). They found that acclimation to hypoxia :
resulted in significant increase in activities of carnitine jpalmitoyl transferase and glycolytic enzymes, indicating ’
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enhanced capacity for fatty acid oxidation and glycolysis in 
liver and skeletal muscle (Johnston & Bernard, 1982a,b).
Acclimation to hypoxia also results in alterations in 
muscle ultrastructure, which include increases in volume 
density of mitochondria in slow muscle fibres (Johnston & 
Bernard, 1984; Sanger et al, 1990) and volume density of 
myofibrils in both slow and fast muscle fibres (Johnston & 
Bernard, 1982a,b), and a decrease in the number of 
capillaries per fibre for both slow and fast muscle 
(Johnston & Bernard, 1982a).
Salinity
There have been numerous studies on cellular aspects of 
salinity acclimation in fish (for reviews see Kirschner, 
1983; Ellory & Gibson, 1984; Evans, 1984; Hoffman, 1984).
The adaptive capacity of fish to different salinities 
depends on the integrated osmoregulatory function of 
numerous organs, mainly gills, digestive tract and kidney 
(see Evans, 1984; Prosser, 1986).
Changes in metabolic capacity have recently been 
reported for salinity-acclimated fish (Febry & Lutz, 1987; 
McCormick et al., 1989; Cioni et al. 1991). Cioni et al. 
(1991) examined growth, metabolic rates and ionic regulation 
in juvenile rainbow trout, steelhead trout (Oncorhynchus 
mykiss) and fall chinook salmon (Oncorhynchus tshawytscha)
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acclimated to a range of salinities, with one near isotonic. 
They found that metabolic rates of all three species 
increased with salinity and were inversely correlated with 
growth rates. Optimal salinities for growth and metabolic 
rates were influenced by both species and life history stage 
(Cioni et al. 1991),
Ultrastructural studies have revealed that gills of 
marine fish have cells containing many basal mitochondria 
between which are deep infoldings of the membrane (see 
Prosser, 1986). These cells are called "chloride cells"
(Keys & Wilmer, 1932). Chloride cells in seawater-acclimated 
fish generally show increase in size and number, and an 
extensive branching of the tubular system as well as an 
evident invaginating apical crypt (Shirai, 1970; Pisam,
1981; Foskett et al., 1981; Hwang, 1987; Cioni et al. 1991). 
For example, the size of chloride cells of Oreochromic 
niloticus (Linnaeus) and Oreochromis mossambicus (Peters) 
was 2-3 times larger in seawater- compared with freshwater- 
acclimated fish (Cioni et al. 1991). Most chloride cells 
were found to be organized in large multicellular complexes 
with apical interdigitations of accessory cells and leaky 
junctions in seawater-acclimated individuals of O. niloticus 
and O. mossambicus (Cioni et al. 1991).
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pH
À number of investigations on different aspects of pH 
acclimation have been reported for fish species (Beamish, 
1972; Day & Garside, 1975, 1976; Murthy et al., 1981a,b; 
Bhaskar & Govindappa, 1985; Wright & Wood, 1985; Ye, 1986; 
Randall et al., 1989; Wood et al., 1989; Wright et al.
1990).
However, studies on tissue metabolic responses to pH 
acclimation are very limited, which include hepatic 
carbohydrate metabolism (Murthy et al., 1981a; Bhaskar & 
Govindappa, 1985), protein metabolism (Bhaskar et al. 1982) 
and muscle metabolism (Murthy et al. 1981b). Murthy et al. 
(1981) found that in Tilapia mossambica, both red and white 
muscle showed elevated glycogen content during acclimation 
to sublethal acidic water (pH 4,0). They suggested that 
muscle metabolism towards conservation of carbohydrates and 
lesser production of organic acids provides a possible 
metabolic adaptive mechanism of Tilapia mossambica 
acclimated to low pH (Murthy et al. 1981a). Similar increase 
in glycogen content was found in the liver of Tilapia 
mossambica acclimated to both acidic and alkaline media 
(Bhaskar & Govindappa, 1985). However, different metabolic 
pathways were involved in accumulation of hepatic glycogen 
in Tilapia mossambica acclimated to low and high pH,
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glycolysis was supressed in acidic media whereas in basic 
media glycolysis was elevated (Bhaskar & Govindappa, 1985).
Exercise (training)
À great deal of research has been carried out on 
exercise in fish (for reviews see Hoar & Randall, 1978; 
Black, 1983; Davision, 1989). Large variety of effects of 
training in fish and many controversial results make it 
difficult to give an overview of training acclimation.
Tissue metabolism and ultrastructure
It has been shown that carbohydrate metabolism and 
gluconeogenesis are stimulated in trained fish (Mazeaud et 
al., 1977; Mosse, 1980; Suarez & Mommsen, 1987; Butler et 
al. 1989)* Mosse (1980) found that gluconeogenic activity 
increased in the liver of trained teleosts which implies 
that increased production of lactate by the white muscle 
during exercise may be transported to the liver for 
reconversion back into glucose. However, Dando (1969) 
studied lactate metabolism in fish and suggested that 
lactate produced in white muscle is likely to be oxidized in 
situ, rather than in the liver. Johnston & Moon (1980) 
demonstrated that brook trout trained at 3 bl/sec had low 
levels of tissue glycogen, but unaltered levels of water, 
indicating no changes in protein and lipid. In contrast.
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coalfish showed large decreases in protein and lipid 
(Johnston & Moon, 1980b). Johnston & Moon (1980) suggested 
that rather than increased aerobic use of glucose, training 
produces a shift away from glucose towards fat utilization.
Red muscle is the most sensitive tissue to training 
acclimation. The increase in myoglobin concentrations of red 
muscle during training is thought to allow better transport 
of oxygen within the cell (Bailey & Driedzic, 1986? Covell & 
Jacquez, 1987).
Changes in fish muscle at the ultrastructural level 
during training have been reported for brown trout (Salmo 
trutta ) (Davision & Goldspink, 1977; Davision, 1983), brook 
trout (Salvelinus fontinalisi (Johnston & Moon, 1980a), 
coalfish (Pollachius virens  ^ (Johnston & Moon, 1980b), chub 
fLeuciscus cephalus ) and nase (Chondrostoma nasus) (Sanger, 
1992). Aerobic capacity during training is enhanced not only 
by increased red muscle mass (Davision & Goldspink, 1977; 
Broughton et al., 1980; Johnston & Moon, 1980a), a shift in 
metabolism towards fat oxidation (Johnston & Moon, 1980b), 
but also by increased capillaries per muscle fibre and 
volume densities of mitochondria and lipid (Sanger, 1992).
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Others
Hormones
Studies on fish metabolism in relation to hormonal 
states have been carried out in many species of fish (for 
reviews see Moon et al., 1985? Matty & Lone, 1985? Mommsen & 
Moon, 1989).
In general, the depletion of glycogen stores is the most 
consistent response in fish hepatocytes incubated with 
epinephrine, glucagon or c-AMP. Examples are the goldfish 
(Birnbaum et al. 1976), Japanese eel (Hayashi et al. 1982) 
and the immature American eel (Anguilla rostrata  ^ (Foster & 
Moon, 1990). Glugogon treatment leads to hyperglycermia, due 
to activation of hepatic glycogenolysis (Mommsen & Suarez, 
1984). The effects of insulin on liver glycogen encompass 
all possibilities from no effect to either increase or 
decrease (Moon et al. 1985). Thyroid hormones exert profound 
effects on lipid, carbohydrate and protein metabolism, but 
most results are contradictory (Matty & Lone, 1985; Woo et 
al. 1991). The metabolic effects of cortisol in teleost fish 
also remain controversial (Foster & Moon, 1986; Donald et 
al. 1991).
There are also a limited number of ultrastructural 
studies demonstrating the effects of hormone treatment 
(Peute et al., 1978; Hori et al., 1979; van Bohemen et al., 
1981; Ng et al., 1984; Peute et al., 1985). Ng et al. (1984)
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investigated the effects of estradiol and testosterone on 
hepatic ultrastrudture of immature female Epineohelus 
akaara. They found that estradiol treatment resulted in 
altered proliferation of rough endoplasmic reticulum and 
Golgi complex, and an increase in glycogen and lipid, 
indicating enhanced metabolic activity (Ng et al. 1984),
Xenobiotic compounds
In recent years, a number of studies on xenobiotic 
metabolism have been conducted on some species of fish 
recommended for toxicity test by the European Economic 
Community (EEC) (for reviews see Kleinow et al., 1987; 
Stegeman & Kloepper-Sams, 1987).
There have been reports to demonstrate the extensive 
characteristics of the chemiometabolic enzyme systems for 
adult trout (Elcombe & Lech, 1979; Gregus et al. 1983) and 
carp (Sivarajah et al., 1978; Melancon et al. 1981), 
microsomal monoxygenase activities in fish liver (Lindstron- 
Seppa et al., 1981; Funari et al. 1987) and in fish kidney 
(Pesonen et al. 1990), and alterations in ultrastructure of 
hepatocytes (Segner, 1987; Braunbeck et al. 1989).
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3.4 Acclimatization
Acclimatization represents compensation of biological 
functions in response to seasonal change of several 
interacting factors (temperature, nutrition, phtoperiod, 
hormonal control etc.) (Prosser, 1973; 1986).
Several comparisons have been made of tissue and whole- 
organism function between laboratory and field studies 
(Kleckner & Sidell, 1985; Guderley & Foley, 1990; Segner & 
Braunbeck, 1990; Kent et al. 1992). The maximal enzyme 
activities in tissues from thermal-acclimated fish in the 
laboratory have been compared with those from winter- and 
summer-acclimatized fish (Kleckner 5 Sidell, 1985; Guderley 
& Foley, 1990). It was found that the general pattern of 
metabolic response to temperature was similar in acclimated 
and acclimatized fish. However, in the golden ide fLeuciscus 
idus melanotus L.) although adaptive responses in the 
histological, morphometrical and biochemical properties of 
liver during winter were in part attributable to temperature 
and nutrition, the overall response differed profoundly in 
fish maintained in outdoor ponds and fish subjected to 
selected environmental variables in the laboratory (Segner & 
Braunbeck, 1990). Kent et al (1992) found that the liver 
from fall- and spring-acclimatized channel catfish 
(Ictalurus punctatus ) had mean HSIs (hepatosomatic index) 
that were more than three- to four-fold higher than in 
summer-acclimatized fish. This contrasted with a two-fold
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difference that existed in fish acclimated at approximately 
the same temperature (Kent et al. 1992).
Acclimatization to low and high temperature is 
influenced by other parameters, such as nutrition/starvation 
(Gas & Serfaty, 1972; Storch & Juario, 1983; Segner &
Holler, 1984; Segner & Braunbeck, 1988, 1990) and xenobiotic 
compounds (Segner, 1987; Braunbeck et al» 1989). Other 
factors such as age, hormonal control, sexual maturation, 
season and activity have also been considered (Peute et al» 
1978, 1985; Quaglia, 1976ab, Van Bohemen et al., 1981; 
Timoshava, 1981; Johnston, 1981b; Saez et al » 1984). Fish 
show different adaptive responses to the fluctuating 
environmental temperatures. At low winter temperatures, many 
species of marine fish in arctic and temperate latitudes 
show a decline in feeding and become relatively inactive, 
and are thought to enter a dormant state (Crawshaw, 1984; 
Lemons & Crawshaw, 1985). This adaptive response is 
characterized by extremely low metabolic rates that spare 
food reserves until water temperature increase in the spring 
(Walsh et al» 1983). In contrast, some species that continue 
to forage during the winter show improvements in 
physiological performance at low temperatures (see Hazel & 
Prosser, 1974). Of all environmental factors, temperature is 
the most pervasive. Metabolic modifications during natural 
seasonal acclimatization indicate both thermal compensation 
and indirect thermal effects, reflecting the particular 
importance of temperature (see Prosser, 1986; Gurdeley,
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1990). However, thermal compensation may be masked by 
reproductive and feeding activities (see Gurdeley, 1990).
4. Aim of experiments
The present study was designed to analyze seasonal 
variations in the biochemical compositions and 
ultrastructure of liver and skeletal muscles in the dab 
Limanda limanda (L.) during a year. In a biochemical study, 
the quantitative changes in water, protein, glycogen, 
triglycerides and LDH enzyme activity of liver and skeletal 
muscles were examined, whereas in the study of 
ultrastructure of skeletal muscles, the fractional volume 
occupied by mitochondria, myofibrils and space were 
measured. A qualitative description of the ultrastructure of 
hepatocytes was also undertaken.
The basic data were collected including body weight, 
liver weight, stomach weight, gall bladder weight, total 
length and standard length. |
The most relevant factors including environmental j
temperature, feeding activity and seasonal starvation which |
influence the results obtained have been considered. |
However, the influence of the usually season-dependent |
I
gonadal cycle on the natural environmentally adapted fish |
could be excluded since young immature dab Limanda limanda |
(L.) were used. j
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Chapter 2
Seasonal influences on the biochemical 
composition of tissues in dab (Limanda limanda L.)
Introduction :
There have been numerous studies on seasonal changes in 
water, lipid and protein contents of liver and muscle in 
fish (Bogucki & Trzesinski, 1949; Love, 1960; DeWitt, 1963; 
Love, 1970; Shevchenko, 1972; Shulman, 1974; Campbell &
Love, 1978; Dawson & Grimm, 1980; Eliassen & Vahl, 1982; 
Saint-Paul, 1984; Cunjak, 1988; Kent et al. 1992). It seems 
that there is a marked seasonal cycle in feeding, growth and 
energy reserves. For example, plaice (Pleuronectes platessa) 
accumulates energy reserves and undergoes starvation during 
the winter (Dawes, 1930, 1931; Lockwood, 1974). The long 
rough dab fHippoalossoides platessoides  ^ shows a similar 
seasonal cycle. Feeding is decreased during January and 
March, but unlike the plaice, it recommences before spawning 
in April and May (Powles, 1965).
Food intake in fish can be indicated by measuring the 
stomach volume (Pegal, 1950; Magnusson, 1969; Brett, 1971; 
Beamish, 1972; Eilliott & Persson, 1978; Grove et al. 1978) 
and liver-somatic index (LSI) (Heidinger & Crawford, 1977),
A number of factors are known to influence the 
biochemical compositions in fish, and among the 
environmental factors, temperature has received most
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attention. It is well established that poikilotherms are 
able to adapt their metabolism to alterations in 
environmental temperature (Hazel & Prosser, 1974; Somero, 
1978). For example, it has been reported that seasonal 
acclimatization results in significant changes in the 
biochemical composition in liver of channel catfish 
(Ictalurus punctatus) (Kent et al. 1992). Kent et al. (1992) 
suggested that although temperature plays a major role in 
the observed alterations in liver composition of channel 
catfish, other factors, particularly dietary deficiencies at 
seasonal temperature extreme, likely modify compositional 
patterns (Kent et al. 1992).
The present study has been carried out on juvenile dab 
(Limanda limanda L.). The dab is a common flatfish widely 
distributed in the Northeastern Altlantic. It is abundant in 
the North Sea (Bohl, 1957), Iceland (Jonsson, 1966), and in 
the Baltic Sea (Poulsen, 1933). Its numbers are greatest on 
sandy grounds lying just offshore in depths of 20-40 m. Its 
range extends downwards to 200 m (Lee, 1972). In summer, 
dabs migrate inshore to reach the richer feeding grounds. An 
offshore migration begins as the water temperature falls 
(Wheeler, 1969). In winter, dabs seek deeper water, but move 
shorewards in late winter for spawning (Jonsson, 1966) At 
first maturity, the female dab ranges between 11.6-15.9 cm 
and 2 .0-2.6 years old respectively, whereas the male dab are 
9.0-11.0 cm and 1.4-1.9 years old respectively (Lee, 1972).
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Materials and methods
Samples were collected from St. Andrews' Bay around the 
end of every calender month between December of 1990 and 
November of 1991 by means of an Otter Board Trawl at depths 
of 5-16 m. A total of 402 dabs were analysed. The fish were 
maintained in tanks containing recirculating sea water at 
ambient temperature, transported to the near shore 
laboratory and sampled immediately.
The mean values of body weight and standard length of 
the fish sampled were 20.89+7.77 to 34.64+8.20 (g) and 
11.29+1.39 to 12.22+0.67 (cm) respectively (Mean+S.D., n=27- 
30/per month). The immature dabs were anesthetized in 
neutralized MS-222 (150 mg MS-222 + 300 mg NaHCOg per litre 
of water). The liver, gut, both dorsal and ventral red 
muscle masses, and a sample of white muscle were dissected 
rapidly, frozened and stored in liquid nitrogen (~169^C). 
Five fish were used for the study of ultrastructure and at 
least 15 fish were used for biochemical studies every month.
The nutritional status of the dab (Limanda limanda L.) 
was estimated by examining 1) the average weight of stomach, 
intestine and gall bladder (Ortega-Salas, 1980), 2) the 
condition factor (k) and liver-somatic index (LSI)
(Heidinger & Crawford, 1977; Segner & Braunbeck, 1990).
The condition factor (k)=
Body weight - aonad weight x 100 
Length^
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The liver-somatic index (LSI)
Liver weight x 100 
Body weight
Water content
The water content was determined by drying wet tissues 
to constant weight for 72 h at 60°C.
Protein concentration
Protein concentration was estimated using the Maddy and 
Spooner (1970) modification of the Lowry method (Lowry et 
al. 1951).
Preparation of solutions:
1. 4% (w/v) NagCOgf
2. 0.1 N NaOH;
3. 2% (w/v) NaK tartrate;
4. 1% (w/v) CuSO^;
5. 2% (w/v) Na deoxycholate in 0.25 N
NaOH.
Mixture A: 100 ml solution 1 plus 100 ml solution 2 plus 
2 ml solution 3 and 2 ml solution 4 were added in that 
order,
Protein standard: Bovine Serum Albumin (BSA), Sigma
Catalog No. P. 7656.
Procedure: 0.02-0.03 g tissue was carefully transfered 
into a test tube. 1 ml 2 M KOH solution was added and mixed 
thoroughly. The tube was heated for 15 min in a boiling
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water bath and cooled down to room temperature. The mixture 
was neutralized (pH 5-7) with 2 N HCl and diluted to 5 ml 
with distilled water. To 0.05 ml of this sample solution was 
added 0.45 ml of solution 5, after leaving to solubilize,
2.5 ml of mixture A was added. The solution was left for 5 
min then 0.25 ml of diluted Folin Ciocalteau Reagent (1:2 
Folin's : Water) was added and mixed immediately. Tubes were 
incubated at 60°C for 5 min and the optical density was 
recorded at 695 nm.
Glycogen concentration
Glycogen concentration was determined using the method 
of Werner et al. (1970).
Preparation of solutions:
1. 30% (w/v) KOH;
2. 2 N HgSO^;
Glucose reagent: Boehringer Mannheim GmbH Catalog No,
124 028.
Procedure: 0.05-0.10 g tissue was carefully transfered 
into a centrifuge tube graduated at 10 ml. 1 ml 30% KOH was 
added and mixed thoroughly. 1.75 ml 96% ethanol was added 
following heating the tube in a boiling water bath for 15 
min. The tube was then centrifuged at 2000 rpm for 20 min. 
The precipitate was collected and washed with 1.5 ml 96% 
ethanol. Traces of ethanol from the percipitate were removed 
by heating the tube in a water bath, then, 1ml 2N
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H2SO4 was added. The tube was heated for 120 min in a 
boiling water bath. This solution was cooled down to room 
temperature, neutralized (pH 5-7) with 2N NaOH and diluted 
to 5 ml with distilled water. 0.1 ml of this solution was 
used for the glucose determination. To 0.1 ml of sample 
solution was added 2.5 ml of glucose reagent, tubes were 
incubated at room temperature for 60 min and the optical 
density was read at 578 nm.
Calculation; Glycogen (mg/g fish) = Glucose (mol/1) x 
180.6 X 5/1000 X 1/1.11 X weight (g)
Triglyceride concentration
Triglyceride concentration was determined using a Sigma 
biochemical test combination kit (Catalog No. 405-1-12) 
after tissue extraction based on the method of Hanson and 
Olley (1965).
Reagent: Sigma Triglyceride Kit. Catalog No. 405-1 to 
405-12.
Procedure: Approximately 0.4 g (w) tissue was 
homogenized in 0.8 fold (w/v) HgO, 2 fold (w/v) CHCI3 and 4 
fold (w/v) CH3OH for 2 min. A futher 2 fold (w/v) HgO was 
added, followed by 30 seconds homogenization. The whole 
mixture was centrifuged at 2500 rpm for 25 min. The CHCI3 
layer was taken by inserting a long hypodermic needle and 
carefully transfered into a glass tube. For muscle samples, 
a further 0.2 ml aliquot was taken into a glass tube. For 
liver sample, 0.15 ml aliquot was taken into a glass tube.
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These tubes were then heated in a water bath to remove off 
the CHCI3. To each tube, 1 ml isopropanol was added and
mixed thoroughly. These sample solutions were ready for
triglyceride determination.
1. Labelled 8 Triglyceride Purifier, Preweighed 
Vials, two for BLANK, three for STANDARD and three 
for TEST;
2. To BLANK tubes were added 5.0 ml isopropanol 
and 0.2 ml water.
To STANDARD tube one were added 5.0 ml
isopropanol, 0.15 ml water and 0.05 ml Triolein
Standard (Catalog No. 405-10);
To STANDARD tube two were added 5.0 ml 
isopropanol, 0.1 ml water and 0.1 ml Triolein 
Standard;
To STANDARD tube three were added 5.0 ml 
isopropanol and 0.2 ml Triolein Standard;
To TEST tube one were added 5.0 ml isopropanol, 
0.15 ml water and 0.05 ml sample solution;
To TEST tube two were added 5.0 ml isopropanol,
0.1 ml water and 0.1 ml sample solution;
To TEST tube three were added 5.0 ml isopropanol 
and 0.2 ml sample solution;
3. All tubes were shaken for at least 5 minutes, then 
Centrifuged at 3000 rpm for 5 minutes;
4 . 2.0 ml of clear supernatant was carefully 
transfered to the bottom of the correspondingly
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labelled tube;
5. 0.5 ml KOH solution was pipetted, just above the 
liquid level, into each tube and mixed by 
swirling;
6 . All tubes were incubated at 60 ± 4°C for 5 rain 
and cooled down to room temperature;
7. To each tube, was added 0.5 ml periodate solution, 
10 min later, 3.0 ml color Reagent was added. This 
should be done at approximately the same rate at 
which the periodate solution was added;
8 . All tubes were incubated at 60 ± 4°C water bath
for 30 min and cooled down to room temperature;
9. The optical density was read at 410 nm.
Lactate dehydrogenase activity
Lactate dehydrogenase activitie was assayed 
spectrophotometrically using Hansen and Sidell's (1983) 
method. Temperature was controlled at 5 ^C.
Preparation of solutions :
1. 50 mM imidazole, 25 mM KCN, pH 7.5;
2. A 5 mg vial NADH was dissolved in 21.34 ml 50mM
imidazole buffer;
3. 2.75 mg Na pyruvate was dissolved in 10 ml 50 mM 
imidazole buffer;
4. 50 mM Tris, 5 mM EDTA, 2 mM MgClg, 1 mM 
dithiothretol, 225 mM mannitol, 75 mM sucrose, 
pH 7.5;
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5. A series of concentrations of Na pyruvate 
solutions,
0.05 mM, 0.1 mM, 0.33 mM, 0.5 mM, 1.0 mM, 2.5 mM, 
5.0 mM, 10.0 mM.
Procedure: Approximately 0.3 g (w) tissue was 
homogenized at 0°C in 8 fold (w/v) solution 4 for 2 min and 
filtered through glass wool. The homogenate was collected.
To 0.1 ml of homogenate was added 0.9 ml 50 mM imidazole 
buffer. 0.01 ml of this sample solution was used for 
determination of LDH activity. LDH activity was measured 
spectrophotometrically at 340 nm in a medium containing 50 
mM imidazole•HCl, pH 7,5, 0.15 mM NADH, and a concentration 
of pyruvate between 0.05 mM and 10.0 mM (Hansen & Sidell,
1983). Optimal Na pyruvate concentration for each set of LDH 
values was normally recorded at either 0.33 mM or 0.5 mM.
The activity of LDH was expressed as umols substrate 
utilized/g wet tissue weight/min.
Statistics
Data from fish at different months were analysed by 
Kruskal-Wallis ANOVA and multiple comparison tests.
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Results
The mean values of length, weight and condition factor 
(k ) of the dab (Limanda limanda L .) caught each month are 
sumarized in table 1 (Mean+S.D., n=27-30).
Table 1
Body weight Total length Standard length Condition
factor
Month (g) (cm) (cm) (k)
December 26.03+4.60 14.22±0.75 12.19+0.86 0.92+0.04
J anuary 24.16+4.27 13.76+0.85 11.58+0.78 0.93+0.10
February 24.02+5.47 13.81+0.93 11.36+0.82 0.91+0.07
March 28.10+5.96 13.99+0.79 11.56+0.74 1 .01±0.10
April 20.89+7.77 13.39+1.54 11.29+1,39 0.87±0.03
May 28.50+4.36 14.36+0.7 12.00±0.62 0.98+0.04
June 31.14+5.35 14.55±0.81 12.22+0.67 1.02+0.06
July 34.64+8.20 14.84+0.83 12.18+0.91 1.06±0.10
August 27.55+6.61 14.33+1.05 11.95+0.84 0.94+0.05
September 25.28+6.17 13.88+0.98 11.66±0.84 0.94+0.08
October 28.64+7.04 14.30±1.16 11.93±1.01 0.97+0.10
November 24.31+4.94 13.86+1.04 11.55+0.85 0.91+0.03
The condition factor (k) was observed to vary 
seasonally, between 0.87+0.03 (in April) and 1.06+0.10 (in 
July) in the dab (Limanda limanda L.) during the year. The 
maximal annual value of the condition factor was reached in
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July and that of the minimal value was in April. Similar 
findings have been reported by Htun-Han (1978).
The average weight of stomach, intestine and gall 
bladder for each month is expressed as a function of body 
weight and shown in Figure 1 and Figure 2.
The values of stomach weight varied from 0.68+0.29 (in 
March) to 1.28+0.32 (in July), while those of intestines 
varied between 0.85+0.34 (in March) and 1.69+0.52 (in July).
During the winter, many stomachs and intestines were empty 
and those of feeding dabs were about half full. The lowest 
annual values in weight for stomach and intestine were 
reached in March. Most of the dabs were feeding during the 
summer and their guts were half to completely full. Both the 
stomach and intestine reached their maximal annual weight in 
July.
There was also marked seasonal variations in the values 
of gall bladder weight. During the winter, the gall bladders 
were filled with a dark green fluid and reached the highest 
annual weight in April (0.16+0.05). In contrast, the summer 
dabs contained lighter weight of gall bladders than the 
winter fish. The lowest annual value in weight of gall
jbladder was recorded in July (0.07±0.02). j
The annual fluctuations in the liver-somatic index (LSI) I
of dab (Limanda limanda L.) are shown in Figure 6 . Liver- 
somatic index (LSI) was significantly reduced during the 
winter and reached its lowest annual value in March 
(0.87+0.30, P.<0.05). There was a gradual increase in the
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liver-somatic index (LSI) during the period from April to 
October. The highest annual value of LSI was recorded in 
October (2.06+0.26).
Liver
The annual changes in liver water content and protein 
concentration are shown in Figure 4.
The water content in liver varied considerably from 
27.37+7.16 (%)(in July) to 70.83+4.50 (%) (in March). The 
winter dabs contained higher water contents (63.92±5.93 %) 
in livers than those of the summer fish (44.57+12.33 %, 
P.<O.Oi). There was a significant increase of liver water 
content in March (70.83+4.50 %) as compared with February 
(64.90+3.56 %, P.<0.01). In contrast, the liver water 
content was significantly decreased in June (34.57+6.33 %) 
as compared with May (54.30+4.42 %, P.<0.05).
Similar changes were observed between the liver water 
content and the total amount of water in liver which varied 
from 0.126+0.046 (g) (in August) to 0.286+0.040 (g) (in 
October) (Fig.5),
The protein concentration in dab liver varied from 
89.4+8.9 (mg/g) (in September) to 150.8+14.4 (mg/g) (in 
December). During the winter, there was a gradual decrease 
in liver protein concentration. Following a marked rise in 
sea water temperature and active feeding activity, the liver 
protein concentration was significantly increased in June 
(148.3+12.5 mg/g) as compared with May (132.2+9.3 mg/g.
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P.<0.001). The values of liver protein concentration were 
relatively low (99.2+13.7 mg/g) between August and October. 
The lowest annual value of protein concentration in liver 
was in September and that of the highest value was in 
December.
Similar observations were made in the total amount of 
protein in liver which exhibited a range from 0.394+0.040 
(g) (in September) to 0.713+0.070 (g) (in June) (Fig.5).
The energy reserves in dab liver such as triglyceride 
and glycogen also exhibited marked seasonal changes as shown 
in Figure 6 and Figure 7.
The triglyceride concentration was significantly 
increased in May (175.80+14.10 mg/g) as compared with April 
(32.36+2.16 mg/g, P.<0,001) and maintained at very high 
levels (205.80+34.10 mg/g) during the period from May to 
November. The maximal annual level in liver triglyceride 
concentration was reached in November (240.21+31.09 mg/g). 
Following a great reduction in sea water temperatures, the 
liver triglyceride concentration was significantly decreased 
in December (61.49+9.42 mg/g) as compared with November 
(240.21+31.09 mg/g, P.<0.001). The lowest annual level in 
liver triglyceride concentration was recorded in March 
(11.02+3.42 mg/g).
The glycogen content in dab liver varied considerably 
from 0.16+0.03 (mg/g) (in May) to 34.40+8.89 (mg/g) (in 
July). During the coldest months between January and 
February, the dab liver still contained high glycogen
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contents, more than 11.83+1.80 (mg/g). There was a 
significant decrease in liver glycogen content in March 
(0.19+0.03 mg/g) as compared with February (15.69+2.48 mg/g, 
P.<0.001). The liver glycogen contents were relatively low 
(0.25+0.12 mg/g) during the period between March and June. 
The lowest annual value in liver glycogen content was 
reached in May (0.16+0.03 mg/g) whereas that of the highest 
annual value was in July (34.40+8.89 mg/g).
Similar annual variations were observed between the 
glycogen content and the total amount of glycogen in liver, 
and between the triglyceride concentration and the total 
amount of triglyceride in liver throughout the year (Fig.7).
No data of LDH enzyme activities were obtained in dab 
liver since the LDH enzyme activity in dab liver was too low 
to be detected using the Hansen & Sidell's method.
Skeletal muscle
The annual changes in water contents and protein 
concentrations in skeletal muscles are shown in Figure 8 and 
Figure 9.
Compared with the wide range of liver water content (27- 
71 %), the range in water content of skeletal muscle was 
narrow. The water content varied from 77.43±2.37 (%) (in 
November) to 83.92+4.39 (%) (in January) in white muscle and 
between 77.20+1.28 (%) (in May) and 83.47±3.53 (%) (in 
January) in red muscle. The skeletal muscle in the winter
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dabs had significantly higher water contents (82.25+4.63 %) 
than that in the summer fish (77.78+4.19 %, P.<0.05).
The protein concentration in skeletal muscles appeared 
at high levels (white muscle, 161.5+10.7 mg/g; red muscle, 
163.9+12.5 mg/g) between June and August. The highest annual 
level in white muscle protein concentration was reached in 
August (165.9+11.5 mg/g) and that of the highest annual 
level in red muscle was observed in June (169.3+9.7 mg/g). A 
relatively low level in skeletal muscle protein 
concentration was maintained (white muscle, 125.4+11.5 mg/g; 
red muscle, 128.6+9,6 mg/g) during the period between 
September and November. The lowest annual level in white 
muscle protein concentration was reached in September 
(121.0+10.8 mg/g) and that of red muscle was in April 
(127.4+5.6 mg/g). During the winter, the proteins in 
skeletal muscles were significantly depleted. In general, 
the dab skeletal muscle had a higher protein concentrations 
than the liver whereas the values of protein concentrations 
in red muscle were similar to that in white muscle.
The annual variations in the contents of energy reserves 
in skeletal muscles are shown in Figure 10 and Figure 11.
The triglyceride concentration in skeletal muscles was 
significantly higher during the period between August and 
November. The highest annual level in red muscle 
triglyceride concentration was reached in November 
(24.01+4.33 mg/g) and that of the highest annual level in 
white muscle was in September (5.51+0.32 mg/g). During the
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winter, the triglyceride concentrations in skeletal muscles 
were significantly decreased and reached their lowest annual 
levels in April (white muscle, 1.05+0.02 mg/g? red muscle, 
2.99+0.05 mg/g).
The glycogen content varied from 0.24±0.05 (mg/g) (in 
March) to 3.85+0.12 (mg/g) (in January) in white muscle and 
between 2.29+0.24 (mg/g) (in March) and 20.60+5.72 (mg/g)
(in October) in red muscle. The winter dabs contained higher 
glycogen contents in white muscle than those of the summer 
fish. The glycogen contents in white muscle were 
significantly decreased in March (0.24+0.05 mg/g) relative 
to February (3.48+0.12 mg/g, P.<0.001) and reached the 
lowest annual value in March. Following a great reduction in 
sea water temperatures, the glycogen contents in white 
muscle were significantly increased and reached the highest 
annual value in January (3.85±0.12 mg/g). In contrast, the 
glycogen contents in red muscle were rather constant during 
the period from February to September. The maximal annual 
value of the glycogen content in red muscle was recorded in 
October whereas that of the lowest annual value was in 
February.
The LDH enzyme activity varied from 10.97+1.49 
(nmol/g/min) (in April) to 38.39+4.20 (nmol/g/min) (in 
December) in white muscle and between 16.54±1.61 
(nmol/g/min) (in April) and 31.25+2.71 (nmol/g/min) (in 
danuary) in red muscle (Fig.12).
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During the winter, the LDH enzyme activities in skeletal 
muscles were significantly decreased and reached the lowest 
annual levels in April. The LDH enzyme activities appeared 
at high levels, 27.59+5.67 (nmol/g/min) in white muscle and 
26.62+4.11 (nmol/g/min) in red muscle during the period from 
May to November, The highest annual value of LDH enzyme 
activity in white muscle was reached in December (38.39+4.20 
nmol/g/min) and that of the highest annual value in red 
muscle was in January (31.25+2.71 nmol/g/min).
The white muscle contained higher LDH enzyme activities 
than the red muscle at most of times of the year.
The intestine weight in dab (Limanda limanda L.) 
The stomach weight in dab (Limanda limanda L.)
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Fig.l The values of stomach ( □ )  and intestine ( ■  ) weight 
expressed as function of body weight in the juvenile 
dab (Limanda limanda L.) throughout the year. Data are 
given as Mean _+ S.D. (n=27-30).
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—  ■ The gall bladder weight in dab (Limanda limanda L.)
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Fig.2 The value of gall bladder weight expressed as function 
of body weight in the juvenile dab (Limanda limanda L.) 
throughout the year. Data are given as Mean _+ S.D. 
(n=27-30).
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Fig.3 The liver-somatic index of the juvenile dab (Limanda limanda L. ) 
throughout the year. Data are given as Mean ± S.D. (n=27-30).
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Fig.4 Liver protein concentration ( □ )  and liver water content 
( ■  ) of the juvenile dab (Limanda limanda L.) throughout 
the year. Data are given as Mean + S.D. (n= 15).
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Fig.5 Total amount of protein ( □ )  and water ( ■  ) in liver 
from the juvenile dab (Limanda limanda L.) throughout 
year. Data are given as Mean + S.D. (n=27-30).
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Fig.6 Liver triglyceride concentration ( □ )  and liver glycogen 
content ( ■  ) of the juvenile dab (Limanda limanda L. ) 
throughout the year. Data are given as Mean + S.D. (n= 15).
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Fig. 7 Total amount of triglycerides ( □ )  and glycogen ( ■§ ) in liver 
from the juvenile dab (Limanda limanda L. ) throughout the year. 
Data are given as Mean + S.D. (n=27-30).
99
J; VVfiilt’ rnusLIu p fu te i n  cu11cet i I ' J l iü n y we l  t i ssue
I :  Whi te mu sc le  w a t e r  c o n t e n t  ( W )
200190 1 SO -j 1 70 - 
160 150 1 40 
130 120 
1 1 0  100 4 90 - 80 7 0 -  
60 50 40 - 30- 20 10 n
1 I  t
D J F M A M J
Month
J A S O N
Fig.8 White muscle protein concentration ( □ )  and white muscle
water content (■! ) of the juvenile dab (Limanda limanda L. ) 
throughout the year. Data are given as Mean + S.D. (n= 15).
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Fig.9 Red muscle protein concentration ( □  ) and red muscle water 
content ( ■  ) of the juvenile dab (Limanda limanda L. ) 
throughout the year. Data are given as Mean S.D. (n= 15).
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Fig. 10 White muscle triglyceride concentration ( □ )  and white muscle 
glycogen content (fli ) of the juvenile dab (Limanda 1imanda L.) 
throughout the year. Data are given as Mean S.D. (n= 15).
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Fig.11 Red muscle triglyceride concentration (CZl ) and red muscle
glycogen content ( ■ )  of the juvenile dab (Limanda limanda L. ) 
throughout the year. Data are given as Mean + S.D. (n= 15).
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Fig. 12 White muscle LDH activity ( □  ) and red muscle LDH activity 
(■I) of the juvenile dab (Limanda limanda L. ) throughout 
the year. Data are given as Mean + S.D. (n= 15).
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Discussion
The sea water temperature and day length in St. Andrews' 
Bay varied greatly from 5-16*^C and 7-17.6 h respectively 
between the year of 1990 and 1991 (Fig.32). The juvenile dab 
(Limanda limanda L.) in this environment showed marked 
seasonal variations in the biochemical composition of liver 
and skeletal muscle.
The food intake of dab (Limanda limanda L.) was 
estimated by the values of food indices which exhibited 
marked seasonal flunctuations throughout the year. The dabs 
were actively feeding during the summer (May-July) and 
underwent food deprivation during the winter (December- 
March). There is a great variety in the food composition of 
the dab. Crustacea, mollusca, polychaeta and echinodermata 
are, however, the most important food components for dabs 
(Arntz, 1971? Braber & DeGroot, 1973? Ortega-Salas, 1980). 
Limanda is less sensitive to dietary food quality, changes 
in food quality have little detectable effect in dab on 
either gastric emptying time (GET) or feeding frequency 
(Fletcher et al. 1984). Generally, feeding activity in fish 
correlates with the rise of the sea water temperature and 
photoperiod (Ortega-Salas, 1980). The dab (Limanda limanda 
L.) in the region of St. Andrews' Bay exhibited the maximal 
feeding activity in July coincident with a day length of 
16.3-17.6 h and sea water temperature of 15-16°c. Similar 
findings have been reported for the dab (Limanda limanda L.)
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caught arount the coast of the Isle of Man by Ortega-Salas 
(1980). The dabs fast in winter due to the following 
reasons: 1) seasonal scarcity of natural prey species, 2) 
low temperature results in a remarkable decrease of gastric 
emptying time (GET), appetite and food intake (Jobling et 
al. 1977).
Liver
Studies on the biochemical composition of the liver are 
of paramount importance because it is one of the main organs 
of the body controlling the metabolism of the fish.
The juvenile dab rLimanda limanda L.) showed a 
significant lower protein content in liver during the period 
between August and October as compared with the other 
months, which was coincident with sea water temperatures of 
11-15°C. Similar changes in liver protein content were 
reported for the channel catfish (Ictalurus punctatus1, 
which was thought to be related with warm temperature 
accl1imatization (Kent et al. 1992). In the winter, the 
significant reduction in the 1 iver«-somatic index (LSI) but 
relative constancy in liver protein content reflected 
preferential utilization of liver components such as 
glycogen and lipid and of liver cells (Swallow & Fleming, 
1969, Kent et al. 1992). This adaptive response was 
correlated with seasonal starvation (Kent et al. 1992). 
Depletion in fish, generally results in utilization of 
protein and energy reserves, thus a maximum storage of
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energy content is required prior to the beginning of 
seasonal starvation. Dab fLimanda limanda L.) did so by 
accumulating energy reserves during the period from May to 
November. The energy contents were significantly high 
between May and November, indicating the energy intake was 
larger than the energy expenditure during this period. The 
appearance of the maximum energy contents in dab liver in 
November was the inevitable outcome of the energy 
accumulation during the whole summer and autumn. Amongst the 
energy reserves, lipid was thought to be the most important, 
supplying 75% of the energy for metabolism during starvation 
in plaice fPleuronectes olatessa L.) (Dawson & Grimm, 1980). 
Similar results were observed in the cod (Gadus morhua) 
(Bogucki & Trazensinski, 1949? Love, 1960? Dambergs, 1964) 
and herring (Clupea horengus1 (Wilkins, 1967). During the 
period between December and April, the energy balance was 
negative. The energy content lost from storage deposits was 
considered as supplying the demands for metabolic purposes 
during the colder months. The minimal annual values of 
energy contents in dab livers were observed occurring in 
late winter, indicating a severe energy depletion during 
this period. This was coincident with rising water 
temperature in spring. Similar findings were reported for 
the brown and brook trout in streams (Cunjak, 1988) and the 
golden ide (Segner & Braunbeck, 1990). These results were 
mainly obtained from the immature fish and explained by 
Segner and Braunbeck (1990) as profound hepatic
107
perturbations in a phase of metabolic reconstruction during 
the transition from winter quiescence to spring activity and 
probably due to the rapid rise in water temperature.
Skeletal muscle
A common finding in skeletal muscles is that adaptation 
to low temperature was associated with an increase in the 
activities of various enzymes of energy metabolism (Dean, 
1969? Lehman, 1970? Hazel, 1972? Hazel & Prosser, 1974? 
Sidell, 1977). At least in the case of tricarboxylic acid 
cycle enzymes this appears to result from changes in enzyme 
concentration (Wilson, 1973? Hazel & Prosser, 1974? Sidell, 
1977). In fact, the LDH activities in dab skeletal muscles 
were reached the maximum annual values between December and 
January, which was associated with cold temperature 
acclimatization although the feeding was scarce in dabs. 
Following further seasonal starvation in dabs, the LDH 
activities were significantly decreased and reached the 
minimum annual values in April. In contrast, the LDH 
activities in skeletal muscles were significantly increased 
in correlation with a marked rise in sea water temperature 
and active feeding activity. The activity of LDH in dab 
skeletal muscle was lower than many other species of fish, 
which was, for instance, more than 6 times lower than the 
goldfish (Carassius auratus) (Wissing & Zebe, 1988), more 
than 20 times lower than the carp (Cyprinus carpio) (Moyes
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et al. 1989) and more than 50 times lower than the tench 
fTinea tinea) (Johnston & Bernard, 1982).
Coinciding with seasonal starvation and cold temperature 
acclimatization, the dab skeletal muscles appeared to 
contain remarkably high water contents and low protein 
concentrations, indicating protein amino acid mobilization. 
Similar findings have been reported in other fish species 
such as the plaice (Pleuronectes platessal (Dawson & Grimm,
1980) and the cod (Gadus morhua L.) (Eliassen & Vahl, 1982). 
Johnston (1981) described that the white muscle myofibrillar 
proteins in the "non-fatty fish" species serve as an 
important source of metabolic precursors during starvation. 
For example, after four months starvation in plaice
(Pleuronectes platessa^, white muscle water contents 
increased from around 75 to 95% with a corresponding loss of 
contractile proteins (Johnston & Goldspink, 1973? Johnston,
1981). It seems likely that amino acids released from the 
muscles during starvation are converted to glucose via the 
gluconeogenic pathway in the liver and hence constitute an 
important fuel for muscular activity under these conditions 
(Moon & Johnston, 1980).
In the spring, a significant increase of protein 
concentrations in skeletal muscle was associated with marked 
rise in sea water temperature and active feeding activity. 
The protein concentration in skeletal muscles was 
significantly lower between September and November. The 
decrease in muscle proteins was coincident with an
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equivalent increase in energy reserves in skeletal muscle 
between September and November, reflecting a quantitative 
balance between the biochemical compositions in skeletal 
muscle. The skeletal muscle of dab fLimanda limanda L.) has 
a higher protein concentration than the liver. This is 
similar to the situation found in another flatfish, the 
plaice rPleuronectes platessa) (Dawson & Grimm, 1980). 
However, this is not always the case, different findings 
have been reported in the hill steam fish (Garra mullya) 
where the values for liver protein are comparatively higher 
than that in muscles and gonads (Somvanshi, 1979).
The annual changes in energy contents between liver and 
skeletal muscle were similar. The summer accumulation of 
energy reserves and peak energy reserve storage in autumn 
were also observed occurring in dab skeletal muscles. It 
seems that dab skeletal muscle is more sensitive to the cold 
temperature acclimatization than the liver. Acclimatization 
to cold was associated with a high energy contents in dab 
skeletal muscles. The red muscle in the winter-adapted dabs 
contained marked higher triglyceride concentrations than 
that in the summer-adapted fish. The glycogen content in red 
muscle was reached a second peak value in January coinciding 
with cold temperature acclimatization. Similar observations 
were made in the white muscle of the dab (Limanda limanda 
L.) which exhibited a significantly high glycogen contents 
during the winter as compared with the summer months. In 
response to seasonal starvation, the energy contents in
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skeletal muscle were significantly decreased and reached the 
lowest annual levels between March and April. In contrast, 
the significant increase of energy contents in skeletal 
muscle during the spring was correlated with marked rise in 
sea water temperatures and active feeding activity. During a 
year's cycle, the red muscle always appeared to contain 
higher energy contents than the white muscle, particularly 
in the autumn, reflecting its importance for storage of 
energy reserves.
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Chapter 3
Seasonal influences on the ultrastructure of
mvotomal muscles of dab fLimanda limanda L.^
Introduction :
It is well known that environmental factors such as 
temperature (Johnston & Maitland, 1980; Johnston, 1982; 
Egginton & Sidell, 1989), hypoxia (Johnston & Bernard, 1982, 
1984? Sanger et al. 1990) and food availability (Johnston, 
1981? Beardall & Johnston, 1985) influence muscle 
ultrastructure. Cold-acclimated fish tend to maintain a 
higher volume density of mitochondria in skeletal muscle 
fibres than warm-acclimated fish (Johnston & Maitland, 1980? 
Egginton & Sidell, 1989). For example, acclimation from 25 
to 5°C resulted in an increase in total mitochondrial volume 
density of red and white muscle fibres as well as 
intracellular lipid droplets in red fibres of striped bass 
(Morone saxatilis) (Egginton & Sidell, 1989). In 5*^ C- 
accliraated and 25^C-acclimated striped bass (Morone 
saxatilis1. mean mitochondrial spacing was found to be 2.3 
nm and 4.0 nm respectively (Egginton et al. 1987). Higher 
volume densities of muscle capillaries are also found in 
cold-acclimated fish (Johnston, 1982). These results 
indicate that there is an increased potential for aerobic 
ATP production and shortened distances for molecular 
diffusion in cold-acclimated fish.
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Another important factor which affects the 
ultrastructural characteristics of muscle fibres is food 
availability. Many species of marine fish show a decline in 
feeding activity over the winter coincident with the 
ripening of gonads for the coming spawning season. This 
leads to a depletion of peripheral tissues, especially 
skeletal muscle which shows a decreased fractional volume 
occupied by mitochondria, myofibrils and lipid droplets, 
mobilization of contractile proteins and increased water 
content (Love, 1970, 1980). For example, there was an 
increase in muscle water contents from 80 to 83% in North 
Sea cod (Gadus morhua L.) between December and March, and in 
some cases water contents reached 87.2% (Love, 1960). After 
three months starvation in the saithe (Pollachius Virens'! 
the mean cross-sectional area of fast myotomal muscle fibres 
decreased by almost 50% and the volume density of myofibrils 
by 25% (Beardall & Johnston, 1983).
Most studies are, however, carried out with emphasis on 
the effect of single factor. The adaptive responses of 
muscle ultrastructure to seasonal fluctuations in the 
natural environment have not been investigated before.
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Materials and methods
Fish
Specimens were taken from the same population of animals 
as in Chapter 2. Mean lengths of fish were shown in table 1. 
Five fish were used for electron microscopy each month. Five 
blocks were made of each fibre type per fish, giving a total 
of 50 blocks per month (25 white muscle fibres and 25 red 
muscle fibres).
Tissue preparation
Muscle samples were dissected from myomeres 25 to 30 
(numbered from the head). Bundles of white and red muscle 
fibres were pinned to match sticks and postfixed in 2% 
glutaraldehyde in 0.15 M cacodylate buffer, 10 mM CaClg, pH 
7.2 (at 4°C) for 12 hours. The samples were dissected 
further into smaller pieces (around 1 mm bundles) and 
postfixed in 2% osmium tetroxide, 0.3 M cacodylate buffer,
20 mM CaCl2/ pH 7.2 at 25*^ 0 for one hour. They were then 
rinsed with distilled water, immersed in aqueous saturated 
uranyl acetate for 30 minutes. The samples were rinsed, 
dehydrated in a series of alcohols up to absolute, cleared 
in propylene oxide and embeded in araldite CY 212 resin 
(Ciba-Geigy). Ultrathin sections (50-100 nm) were cut on a 
REICHART OMU 2 ultramicrotome and mounted on 100-mesh copper 
grids coated with 3% pyroxylins in amylnitrate. Sections
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were double stained with aqueous saturated uranyl acetate 
(10 min.) and Reynolds (1963) lead citrate (5 min.) and 
examined with a PHILLIPS 301 electron microscope at 60 KV 
Quantitative analysis of ultrastructure was carried out 
from electron micrographs using a point count method 
(Weibel, 1969). A grid lattice spacing (d) was chosen, so 
that d was 1 to 1.5 x the average diameter of the measured 
component. The image of the electron micrographs was 
overlaid on to the test grid using a photographic enlarger. 
The magnification of the micrographs was such that the 
lattice spacings were equivalent to 2 to 5 urn. Component 
volume fractions were determined by Vv = Pl/Pt x 100, where 
Vv - fractional volume, PI = number of points falling on a 
component, Pt = number of total points falling on the fibre.
Statistics
All results were analysed by Kruskal-Wallis ANOVA and 
multiple comparison tests.
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EM red muscle sample
EM white muscle sample
Dab (Limanda limanda L. ) the diagram shows the distribution of red 
and white muscle in a transverse section through the musculature and 
the longitudinal orientation of the myotomes along the body. The 
areas of sampling for electron microscopic preparation are indicated 
for both red and white muscle.
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Results
The dab (Limanda limanda L.) showed marked seasonal 
alterations in ultrastructure of skeletal muscle fibres 
(Fig.13-24). However, the changes in ultrastructure between 
white and red muscle fibres were different. Red muscle 
fibres showed a large number of subsarcolemmal mitochondria 
(ssM) and intermyofibrillar mitochondria (ifM), lipid, a 
well-developed sarcoplasm and capillary supply. The 
myofibrils were radially arranged at the perphery of the 
fibres and more polygonally in the fibre center. In 
contrast, the greater part of the white muscle fibres was 
dominated by myofibrils, which were arranged radially 
throughout the whole area. These fibres showed larger 
diameter, less sarcoplasm, ssM and ifM than the red fibres, 
and there was almost no lipid. Both fibre types had an outer 
layer of ribbon-like myofibrils, subsarcolemmal-located 
nuclei, distinct M-lines particularly in February (Fig.13- 
24) and higher proportions of ssM than ifM (ssM/ifM>l.0).
Seasonal variations in the fractional volume occupied by 
mitochondria, myofibrils, lipid droplets and space in 
skeletal muscle fibres are shown in table 2 and table 3.
The volume density of mitochondria varied from 23.0±1.4 
(%) (in April) to 45.7±2.6 (%) (in October) in red fibres 
and between 5.1±0.6 (%) (in December) and 11.4±1.1 (%) (in 
April) in white fibres. Following a great reduction in sea 
water temperature, the proportion of subsarcolemmal
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mitochondria to intermyofibrillar mitochondria in red fibres 
was significantly decreased in December (2.7±0.6) as 
compared with October (6.1±0.6, P.<0.001). During the 
winter, the total mitochondrial volume density in red muscle 
fibres was decreased significantly and reached the lowest 
annual level in April (23.0 ± 1.4 %). In contrast, there was 
a significant increase of mitochondrial volume density in 
white muscle fibres in February (11.2±1.1 %) as compared 
with December (5.1+0.6%, P.<0.001). The highest annual level 
of volume density of mitochondria in white muscle fibres was 
reached in April (11.4 ± 1.1 %) whereas that of the lowest 
annual level was in December (5.1 ± 0.6 %). A number of 
mitochondria in skeletal muscle fibres became degenerated in 
February, which resulted in locally disrupting the internal 
mitochondrial structure (Fig.15 & Fig.16). This 
mitochondrial swelling was more obviously observed in 
skeletal muscle fibres in April. The mitochondrial profiles 
not only disrupted the internal cristae, but the outer 
membranes were also damaged (Fig.17 & Fig.18). The 
proportions of subsarcolemmal mitochondria to 
intermyofibrillar mitochondria in both white (P.<0.001) and 
red (P.<0.001) muscle fibres were significantly higher 
between February and April relative to the rest of the year.
Following a marked rise in sea water temperature and 
active feeding activity, the total mitochondrial volume 
densities in red fibres were significantly increased in June 
(43.0+1.5 %) as compared with April (23.0+1.4%, P.<0.001).
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Damaged mitochondria disappeared from the red fibres. There 
were a great number of small mitochondria with clear cristae 
and high density of matrix in red fibres in June. During the 
period from June to October, higher values of fractional 
volume of mitochondria were maintained (43.7+1.9 %) in red 
fibres. The highest annual value of the total mitochondrial 
volume density in red fibres was reached in October 
(45.7+2.6 %). The red fibres had the thickest depth in the 
subsarcolemmal zone which was occupied by the largest 
mitochondria with the most abundant lysosomes and the 
tightest arrangement in October relative to the other months 
of the year (Fig.13-24).
The volume density of lipid droplet varied from 0.5±0.1 
(%) (in April) to 7.6+1.3 (%) (in December) in red fibres. 
Lipid droplets in white muscle fibres were observed only 
occurring in February and October and were at very low 
levels (0.5+0.1 - 1.0+0.2%) as compared with those in red 
fibres. During the winter, the lipid droplets in red fibres 
were significantly depleted and reached the lowest annual 
value in April (0.5+0.1%). Following a marked rise in sea 
water temperatures and active feeding activity, there was a 
significant increase in the volume density of lipid droplets 
in red fibres in June (1.9+0.5%) as compared with April 
(0.5+0.1%, P.<0.001). The highest annual value of the 
fractional volume occupied by lipid droplets in red fibres 
was observed in December (7,6+1.3%).
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White muscle fibres were characterised by high volume 
density of myofibrils, which varied from 59.9+1.4 (%) (in 
April) to 93.1+0.8 (%) (in August). During the winter, the 
white muscle fibres had a marked low values of volume 
densities of myofibrils (68.5±2.8%) relative to the rest of 
the year. The lowest annual value of the myofibrillar 
density in white fibres was observed in April (59.4+1.4%). 
Following a marked rise in sea water temperature and active 
feeding activity, the fractional volume of myofibrils in 
white fibres was significantly increased in June (93.1+0.5%) 
as compared with April (59.9+1.4%, P.<0.001). The summer- 
adapted dabs contained considerably higher myofibrillar 
densities than those of the winter-adapted fish (P.<0.001). 
The highest annual value of myofibrillar density in white 
fibres was reached in August (93.1+0.8%). Different annual 
variations in myofibrillar densities in red fibres were 
observed, which exhibited no statistically significant 
differences in association with seasonal food availability. 
The myofibrillar density in red fibres varied from 41.4+3.3 
(%) (in December) to 55.6+1.3 (%) (in August). Myofibrils in 
white muscle fibres occupied a higher fraction of volume 
(59.9-03.1%) than those in red muscle fibres (41.4-55.6%).
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Table 2 Seasonal influences on the ultrastructure of 
dab red muscle fibres
Component
Volume fraction (Vv)% 
Means +_ S.D. (n = 25) December February
Month
April June August October
Myofibrils 41.4+3.3 45.5+1.8 54.2+1.2 54.5+1.5 55.6+1.3 47.6+2.6
Subsarcolemmal
mitochondria 25.2+3.8 28.9+1.3 20.0+0.9 31.5+1.6 36.8+1.2 39.3+3.3
Interfibrillar 
mitochondria 9.5+1.0 4.2+0.7 2.9+0.9 11.6+0.8 7.1+0.8 6.4+1.8
Total mitochondria 34.7+3.4 33.1+1.8 23.0+1.4 43.0+1.5 44.0+1.3 45.7+2.6
Lipid droplets 7.6+1.3 0.8+0.2 0.5+0.1 1.9+0.5 0.6+0.2 3.3+0.5
Space 15.9+1.1 20.6+1.1 22.3+1.0 1.5+0.2 ND 3.1+0.8
Nuclei 1.0+0.1 0.7+0.3 0.6+0.2 0.5+0.1 0.7+0.3 0.7+0.3
Sub./inter, mit. 2.7+0.6 7.0+1.0 7.9+0.9 2.7+0.3 5.2+0.5 6.1+0.6
Data are given as Mean S.D.(n = 25). ND = not detectable-
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Table 3 Seasonal influences on the ultrastructure of 
dab white muscle fibres
Component
Volume fraction (Vv)% 
Means + S.D. (n = 25) December February
Month
April June August October
Myofibrils 71.4+0.8 63.6+2.6 59.9+1.4 93.1+0.5 93.1+0.8 92.6+0.6
Subsarcolemmal
mitochondria 0.0+0.0 10.9+1.2 10.5+1.1 0.0+0.0 0.0+0.0 0.0+0.0
Interfibrillar 
mitochondria 5.1+0.6 0.5+0.1 0.9+0.2 5.4+0.6 6.7+1.0 6.8+^ 0.6
Total mitochondria 5.1+0.6 11.2+1.1 11.4+1.1 5.4+0.6 6.7+1.0 6. 8j^ 0.6
Lipid droplets 0.0+0.0 0.5+0.1 0.0+0.0 0.0+0.0 0.0+0.0 1.0+0.2
Space 23.2+1.2 24.7+1.9 28.2+1.1 1.6+0.3 0.0+0.0 0.0+0.0
Nuclei 0.9+0.2 0.8+0.2 0.8+0.2 0.6+0.2 0.6+0.2 0.6+0.1
Sub./inter, mit. 0. Oj+0.0 21.8+3.9 11.7+4.2 0.0+0.0 0.0+0.0 0.0+0.0
Data are given as Mean + S.D. (n = 25).
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Fig.13. Transverse section of a red muscle fibre 
in dab, Limanda limanda (L.) of December 
of 1990. ifM, interfibrillar mitochondria; 
ssM, subsarcolemmal mitochondria; L, lipid; 
C, capillaries; My, myofibrils.
Fig.14. Transverse section of a white muscle fibre 
in dab, Limanda limanda (L.) of December 
of 1990. Mit, mitochondria; My, myofibrils; 
C, capillaries.
Fig.15. Transverse section of a red muscle fibre 
in dab, Limanda limanda (L.) of February 
of 1991. ifM, interfibrillar mitochondria; 
ssM, subsarcolemmal mitochondria; My, 
myofibrils; C, capillaries.
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Fig.16. Transverse section of a white muscle fibre 
in dab, Limanda limanda (L.) of February 
of 1991. Mit, mitochondria; My, myofibrils; 
C, capillaries.
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Fig.17. Transverse section of a red muscle fibre 
in dab, Limanda limanda (L.) of April of 
1991. ifM, interfibrillar mitochondria; 
ssM, subsarcolemmal mitochondria; C, 
capillaries; My, myofibrils.
Fig.18. Transverse section of a white muscle fibre 
in dab, Limanda limanda (L.) of April of 
1991. Mit, mitochondria; My, myofibrils;
C, capillaries.
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Fig.19. Transverse section of a red muscle fibre 
in dab, Limanda limanda (L.) of June of 
1991. ifM, interfibrillar mitochondria; 
ssM, subsarcolemmal mitochondria; L, lipid; 
C, capillaries; My, myofibrils.
Fig.20 Transverse section of a white muscle fibre 
in dab, Limanda limanda (L.) of June of 
1991. Mit, mitochondria; My, myofibrils;
C, capillaries; N, nucleus.
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Fig.21. Transverse section of a red muscle fibre 
in dab, Limanda limanda (L.) of August of 
1991. ifM, interfibrillar mitochondria; 
ssM, subsarcolemmal mitochondria; c, 
capillaries; My, myofibrils.
Fig.22. Transverse section of a white muscle fibre 
in dab, Limansa limanda (L.) of August of 
1991. Mit, mitochondria; My, myofibrils;
C, capillaries.
Fig.23. Transverse section of a red muscle fibre
in dab, Limanda limanda (L.) of October of 
1991. ifM, interfibrillar mitochondria; 
ssM, subsarcolemmal mitochondria; C, 
capillaries; My, myofibrils.
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Fig.24. Transverse section of a white muscle fibre 
in dab, Limanda limanda (L.) of October of 
1991. Mit, mitochondria; My, myofibrils;
C, capillaries.
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Discussion
On the basis of ultrastructural criteria, two main types 
of myotomal muscle fibres can be distinguished in dab 
(Limanda limanda L.), which correspond to the "red" and 
"white" muscles of other teleosts (Kilarski, 1967? Patterson 
& Goldspink, 1972? Walesby & Johnston, 1980? Akster, 1981, 
1983, 1985? Sanger et al. 1990? Sanger, 1992a,b).
In transverse section, both white and red fibres of dab 
(Limanda limanda L.) have "ribbon-like" peripheral fibres 
with polygonal internal fibres. This pattern appears to be 
widespread amongst the teleosts (Franzini-Armstrong &
Porter, 1964? Kilarski, 1967? Patterson & Goldspink, 1972? 
Nag, 1972? Walesby & Johnston, 1980? Akster, 1981, 1983, 
1985? Kilarski & Kozlowska, 1985, 1987? Sanger et al. 1990), 
In contrast, different patterns of arrangement of myofibrils 
were found in elasmobranchs (Kryvi, 1977? Kryvi & Totland, 
1978), amphibians (Page, 1965) and higher vertebrates 
(Uehara et al., 1976? Morgan & Proske, 1984).
Ultrastructurally, the differences between fibre types 
of fish species are the amount of mitochondria, content of 
lipid and glycogen, organization of myofibrils, sarcomere 
length and Z-line thickness (Kronnie et al. 1983). Compared 
to the other species in which mitochondrial volume densities 
range from 5 to 56% in red muscle fibres (Kryvi & Totland, 
1977? Johnston, 1982? Johnston et al, 1988), dab f Limanda 
limanda L.) has a high values of mitochondrial densities in
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red muscle fibres (23.0+1.4 - 45.7+2,6%). Factors affecting 
volume density of mitochondria in the myotomal muscles of 
fish are so far known to include temperature (Johnston & 
Maitland, 1980? Johnston, 1982? Egginton & Sidell, 1989), 
food availability (Johnston, 1981? Beardall & Johnston,
1985) and hypoxia (Johnston & Bernard, 1982, 1984? Sanger et 
al. 1990).
It has been reported that cold temperature acclimation 
is generally associated with significant increase of 
mitochondria in red muscle fibres (Johnston & Maitland,
1980? Egginton & Sidell, 1989), wheareas starvation results 
in a significant decrease of mitochondria in red muscle 
fibres (Johnston, 1981a? Beardall & Johnston, 1985), For 
example, the mitochondrial density was found to be higher in 
the muscles of cold (red fibres 25%, pink fibres 20%, white 
fibres 4%) than in those of warm acclimated carp (Carassius 
carassius L.) (red fibres 14%, pink fibres 11%, white fibres 
1%) (Johnston & Maitland, 1980). After 74 days of starvation 
in the saithe (Pollachius virens L.), the fractional volume 
of mitochondria was reduced by 71% in fast fibres (Beardall 
& Johnston, 1985). These findings are based on the studies 
in the laboratory. Different results were found in the 
winter-adapted dabs which exhibited a significant decrease 
in the fractional volume of mitochondria in red fibres. In 
contrast, there was a significant increase in the fractional 
volume of mitochondria in white fibres in correlation with 
seasonal starvation. These inconsistent findings may be
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attributable to the reasons: 1) the significant differences 
between cold temperature acclimation and cold temperature 
acclimatization, 2) starvation in the natural environment is 
different from starvation in the laboratory where only one 
parameter varies, 3) different fish species.
During the period between April and June, a significant 
increase in the number of mitochondria in red fibres was 
coincident with a marked rise in sea water temperature and 
active feeding activity.
It has been known that an increase in the number and 
size of mitochondria in skeletal muscle fibres would have 
the effect of increasing the rate at which ATP could be made 
available for muscle contraction (Johnston & Maitland,
1980). Mitochondria in the subsarcolemmal zone provide 
energy for active transport of glucose, amino acids etc. 
across the sarcolemmal whilst those in the intermyofibrillar 
matrix supply ATP for muscle contraction (Pette, 1956? 
Kubista et al., 1971? Muller, 1976). According to Johnston 
and Maitland (1980) cold temperature acclimation would 
result in a shift of mitochondrial distribution in muscle 
fibres from subsarcolemmal zone to intermyofibrillar matrix. 
Similar observations were made in the dab (Limanda limanda 
L.) which showed remarkably decrease in the proportion of 
subsarcolemmal mitochondria to intermyofibrillar 
mitochondria in red muscle fibres in December following a 
great reduction of sea water temperatures from 11°C in 
October to 6°C in December. In contrast, the significant
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increase in the proportions of subsarcolemmal mitochondria 
to intermyofibrillar mitochondria in both white (P.<0.001) 
and, red (P.<0.001) muscle fibres between February and April, 
indicating a significant depletion of intermyofibrillar 
mitochondria in skeletal muscle fibres following seasonal 
starvation. Because of some functional differences among 
mitochondrial populations of different fish species, this 
mitochondrial depletion resulted by starvation is also 
different among fish species. For example, after 12 weeks of 
starvation in the saithe, the mitochondria in slow muscle 
fibres was significantly depleted, particularly those in the 
subsarcolemmal zone (Beardall, 1985). In contrast, the 
mitochondria in slow muscle of plaice occupy a similar 
fraction of fibre volume (24%) in both fed and starved fish 
(Johnston, 1981a).
The mitochondrial volume density in skeletal muscle 
fibres was also influenced by hypoxia (Johnston & Bernard, 
1982, 1984? Sanger et al. 1990). Sanger et al (1990) 
reported that the roach f Rut i lus rut H u s ') from Stopfenrenth 
had a higher mitochondrial volume density and higher 
capillary supply in red axial muscle than those from 
Seefelder See due to the different oxygen concentrations 
between the eutrophic water of Stopfenrenth and the 
oligotrophic Seefelder See. The oxygen concentrations in the 
same water area may also vary at different times of a year. 
However, there is little information available on whether 
the difference of oxygen concentrations in the same water
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area between different seasons will significantly influence 
muscle ultrastructure or not. The effect of hypoxia on the 
ultrastructure of dab skeletal muscle fibres was excluded in 
the present study.
Biochemical studies have shown that dab accumulates 
energy reserves during the summer and reaches maximal 
storage of energy reserves in October (see Chapte 2). In the 
same month, the red fibres exhibited the thickest depth in 
subsarcolemmal zone which was occupied by the largest 
mitochondria in the tightest arrangement relative to the 
other months of the year. These results suggest that 
seasonal acclimatization is accompanied by subcellular 
reorganizations in muscle fibres.
The red fibres have more lipid storage than white 
fibres. The lipid droplets in red fibres was significantly 
reduced by seasonal starvation. In contrast, the significant 
increase in the fractional volume of lipid droplets in red 
fibres in June relative to April was associated with a 
marked rise in sea water temperatures and active feeding 
activity. The red fibres reached the maximal annual level in 
fractional volume of lipid droplets prior to the colder 
months for covering the energy demand in winter, which was 
consistent with the biochemical findings as described in 
chapter 2. Similar results have been reported for the 
vendace (Coregonus albula L.) (Lahti, 1987), the roach 
(Rutilus rutilus L.) and chub fLeuciscus cephalus L.)
(Sanger et al. 1990) which were thought to be related to the
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season. Cold temperature acclimation would also result in a 
significant increase of lipid content in muscle fibres 
(Egginton & Sidell, 1989). The maximal annual value in 
fractional volume of lipid droplets in red fibres of dab 
(Limanda limanda L.) was coincident with a great reduction 
of sea water temperatures from 11°C in November to 6°C in 
December, which gave support to this finding. Because of the 
better solubility of O2 in lipid than in aqueous cytosol, 
Londraville (1988) suggests that lipid is facilitating Og 
transport from capillaries to mitochondria within the muscle 
fibres. Thus increased lipid content in muscle fibres of 
cold-acclimated animals may accelerate Og flux and provide a 
significant intracellular Og store, indicating enhanced 
aerobic capacity with cold acclimation or cold 
acclimatization. The same conclusion was also reached by the 
morphometrically studies of mitochondria in muscle fibres 
(Johnston & Lucking, 1978? Thillart & Modderkolk, 1978? 
Johnston & Maitland, 1980).
There were different alterations in the fractional 
volume of myofibrils between white and red muscle fibres 
during the year. Fish require high volume densities of 
myofibrils in muscle fibres to maintain the active 
activities of feeding, migration and swimming. On this 
basis, high values of myofibrillar densities would be 
expected occuring in dab muscle fibres during the summer. In 
fact, the white fibres of dab (Limanda limanda L.) showed a 
higher myofibrillar volume densities between June and
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October (92.7+2.1%). In contrast, no statistically 
significant differences of myofibrillar density in red 
muscle fibres were observed in association with seasonal 
food availability. This result was in agreement with the 
findings reported for cod (Greer-Walker, 1971), crucian carp 
(Patterson & Goldspink, 1973), plaice (Johnston, 1981a) and 
saithe (Beardall, 1985), Dab belongs to "non-fatty fish" 
species which have a tendency to maintain carbohydrate 
stores at the expenses of peripheral protein by active 
gluconeogenesis during starvation (Stimpson, 1965? Butler, 
1968? Renaud & Moon, 1980). During the winter, the 
myofibrils in dab skeletal muscle were significantly 
depleted. Damaged myofibrils and high volume densities of 
cytoplasmic space were observed occurring in skeletal muscle 
fibres, reflecting a mobilization of muscle proteins 
following cold temperature acclimatization and seasonal 
starvation.
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Chapter 4
Seasonal influences on the ultrastructure 
of hepatocytes in dab rLimanda limanda L.’)
Introduction:
Studies on seasonal inflences on hepatocyte 
ultrastructure of fish are very limited (Quaglia, 1976a,b; 
van Bohemen et al,, 1981? Timoshava, 1981? Saez et al.,
1984? Segner & Braunbeck, 1990).
In general, seasonal acclimatization affects the 
ultrastructure of fish hepatocytes. For example, the 
hepatocytes of winter-acclimatized carp (Cyprinus carpio 
L.), were characterized by the perinuclear localization of 
the rough endoplasmic reticulum (RER), whereas the rough 
endoplasmic reticulum (RER) was distributed throughout the 
cytoplasm and the lumen of both during the warm season (Saez 
et al. 1984). The hepatocytes of summer-acclimatized carp 
also showed a more dilated cisternae of both endoplasmic 
reticulum and nucleus than those in the winter-acclimatized 
fish. In addition, the summer carp exhibited an even 
distribution of the organelles throughout the cytoplasm 
(Saez et al. 1984).
More or less, some similarities can be found in some 
species of fish between seasonal acclimatization and 
laboratory acclimation. In the winter-acclimatized carp, 
for instance, the Golgi complex in some hepatocytes were
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more highly developed (Saez et al. 1984). Similar findings 
have been reported for cold-acclimated fish, such as rainbow 
trout (Salmo oairdneril (Berlin & Dean, 1967), carp 
fCyprinus çarpio) (Storch et al. 1984) and golden ide 
rLeciscus idus melanotus ) (Braunbeck et al, 1987), Segner & 
Braunbeck (1990) compared the results of golden ide 
hepatocyte ultrastructure obtained from field and laboratory 
studies. They found that morphological polymorphisms and 
alterations such as stacking of mitochondrial cristae 
occurring in the cold-acclimated golden ide (Braunbeck et 
al. 1987) were similar to that observed for the winter- 
acclimatized fish (Segner & Braunbeck, 1990). Segner & 
Braunbeck (1990) also found that the hepatocytes in the 
winter dietary-restricted golden ide exhibited a highly 
variable and overall reduced density of glycogen granules. 
Similar reduction in glycogen stores has been reported for 
laboratory starved fish such as milkfish f Chanos chanos) 
(Storch & Juario, 1983) and juvenile flounder fPlatichthys 
flesus L.) (Segner & Moller, 1984).
The purpose of the present study is to demonstrate the 
qualitative changes of the ultrastructure of dab hepatocytes 
in relation to seasonal acclimatization.
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Materials and methods
Fish specimens
The population animals and mean lengths of fish have 
previously been described in chapter 2 and chapter 3. Five 
fish were taken every two months. Five blocks were made of 
each liver per fish, giving a total of 25 blocks per month.
Tissue preparation
Small piecies of the caudal part of the liver were 
removed and immersed in 2% glutaraldehyde in 0,15 M 
cacodylate buffer, 10 mM CaClg, pH 7.2 (at 4°C) for 2 hours, 
samples were rinsed several times in cacodylate buffer and 
postfixed in 2% osmium tetroxide, 0.3 M cacodylate buffer,
20 mM CaClg, pH 7.2 at 2 5 ^ C  for 1 h. They were then rinsed 
with distilled water immersed in aqueous saturated uranyl 
acetate for 30 minutes. The samples were rinsed, dehydrated 
in a series of alcohols up to absolute, cleared in propylene 
oxide and embeded in araldite CY 212 resin (Ciba-Geigy), 
Ultrathin sections (50-100 nm) were cut on a REICHART 0MÜ-2 
ultramicrotome and mounted on 200 mesh copper grids.
Sections were double stained with aqueous saturated uranyl 
acetate (5 min.) and Reynolds (1963) lead citrate (5 min,) 
and examined with a PHILIPS 301 electron microscope at 60 
KV,
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Results
The subcellular morphology of the dab hepatocytes was 
similar to that of other teleosts. However, there were 
remarkable changes in ultrastructure of dab hepatocytes 
during the year, especially with respect to size, form and 
amount of cytoplasmic organelles (Fig.25-30)
December
The notable features are that dab hepatocytes contained 
higher amounts of rough endoplasmic reticulum (RER) and well 
developed Golgi complex relative to the other months of the 
year (Fig,25-30). The RER appeared as parallel arrays of 
lamellar cisterns and contained many particles widely 
dispersed in the intracisternal spaces (Fig.25). The size of 
nucleus was significantly increased and reached the maximum 
values relative to the rest of the year (Fig.25-30). The 
large, centrally located nucleus had a clearly double 
nuclear membrane with many ribosomes on the cytoplasmic 
surface and appeared in roundish shape (Fig.25). A number of 
mitochondria were distributed in association with RER and 
contained a high density of matrix (Fig.25). The 
mitochondrial profiles ranged from ovoid to elongate. The 
cytoplasmic compartment was occupied by large amount of 
glycogen inclusions in an amorphous and cloudy form.
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resulting in vast areas of electron-lucent, mottled 
unstructured material (Fig.25).
February
Compared with the hepatic ultrastructure in December 
(Fig.25), there was a different organization of cytoplasmic 
organelles in dab hepatocytes in February (Fig.26). The 
nucleus appeared in irregular shape (Fig.26). A number 
patches of dense nucleolus were observed occurring around 
the nuclear envelope. The cytoplasm contained large amounts 
of rough endoplasmic reticulum and small vesicles (Fig.26). 
However, the structure of cisternae of RER was changed from 
flat to tubular (Fig.26). The ultrastructure of mitochondria 
was well developed with long cristae and high density of 
matrix (Fig.26). The cytoplasmic compartment was occupied by 
considerable amounts of lipid droplets and glycogen 
inclusions. The glycogen appeared as rosettes, a more 
densely packed form relative to the other months of the year 
(Fig.25-30).
April
The hepatocytes in this month were featured by 
containing a considerably high density of cytoplasm with 
numerous lipid droplet (Fig.27). The nucleus displayed a 
similar respect in shape and size as compared with February
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(Fig.26 & Fig.27). The nucleolus was condensed and could be 
distinguished as a number patches of dense components 
dispersing in the center of nucleus and along the nuclear 
border (Fig.27). The increased peripheral heterochromatin 
clumps resulted in a high density of nuclear envelope. The 
mitochondrial compartment was occupied by damaged cristae, 
less density of matrix and indented lipid droplets 
indicating a degeneration of mitochondria (Fig.27). There 
was an increase in the size of mitochondria in April 
relative to February (Fig.26 & Fig.27).
Coinciding with long term starvation in April, there was 
a great reduction in the endoplasmic reticulum and Golgi 
complex whereas the number of lysosomes was increased.
June
The hepatocytes still contained very high density of 
cytoplasm which was occupied by large amount of lipid 
droplets (Fig.28). The lipid droplets were observed to show 
the biggest size as compared with the other months (Fig.25- 
30). The nuclei were distinguished from those in the other 
months by their smaller size and lack of the usually center- 
located heterochromatin clumps (Fig,25-30). Almost the 
entire effete mitochondria were indented by lipid droplets 
(Fig.28). A number of hepatocytes appeared to contain 
melanin which is one of the major types of pigments in 
certain soft tissues of fish species and has the function
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to neutralize the toxic intermediates such as free radicals 
and cations (Agius & Agbede, 1984) (Fig.28). The endoplasmic 
reticulum and Golgi complex were rarely observed (Fig.28).
August
There was a remarkable changes in the ultrastructure of 
hepatocytes in this month. The striking feature of the 
hepatocytes was the large number of cytoplasmic pigment 
inclusions scattered throughout the cytoplasm (Fig.29).
These roundish shaped pigment granules, probably 
lipopigments were observed occupying more than half volume 
of the cytoplasmic compartment. There was various size of 
cytoplasmic pigment granules in dab hepatocytes. The small 
ones had a similar size of mitochondria and those of the big 
ones were like nuclei. The pigment granule was limited by a 
membrane and appeared to have a high density of matrix which 
was arranged in a parallel lamina form. Interestingly, the 
laminae of every pigment granule faced in the same 
direction. The dense minute granules, lipid droplets and 
glycogen inclusions were rarely observed in the cytoplasm 
(Fig.29). The nucleus appeared to have a centre-located 
heterochromatin component and situated near the corner of 
the hepatocyte (Fig.29). There was an increase in the size 
of nucleus as compared with June (Fig.28 & Fig,29). Small 
fragments of endoplasmic reticulum were observed occurring 
in the cytoplasm (Fig.29). The mitochondria were dispersed
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around the nucleus with a reduction in size and an increase 
in the density of matrix relative to June (Fig.29). There 
was an increase in the size of nucleus relative to June 
(Fig.28 & Fig.29).
October
The hepatocytes in this month appeared to have the 
largest size of cytoplasmic pigment granules in relation to 
the other months of the year (Fig.25-30). There was a 
reduction in the density of matrix of cytoplasmic pigment 
granules as compared with August (Fig.29 & Fig.30). In 
contrast, the size of pigment granules was increased 
relative to August. Some of cytoplasmic pigment granules 
were indented by lysosomes indicating a degeneration of 
pigment granules (Fig.30). Large amount of glycogen 
inclusions appeared in an amorphous and cloudy form 
throughout the cytoplasm. The lipid inclusions were stored 
either in a homogeneous masses throughout the cytoplasm or 
in the form of pigment granules (Fig.30). The nucleus 
exhibited a oviod shaped profile (Fig.30). The 
heterochromatin clumps were present in areas very close to 
the inner nuclear membrane (Fig.30). There were few 
mitochondria in the cytoplasm of hepatocytes (Fig.30). The 
endoplasmic reticulum was dilated as compared with August 
(Fig.29 & Fig.30).
Annotation
Each liver contains thousands of hepatocytes which 
show similar characteristics in their structure and 
function. However, not exactly the same morphological 
appearance of hepatocytes exists even from the same 
liver.
In the present study, the typical micrographs were 
taken from the liver sections to represent the 
seasonal alterations in the ultrastructure of dab 
hepatocytes.
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FIG. 25
EXPLANATION OF FIGURE
Hepatocyte from dab (Limanda limanda L. ) in December.
Note the large quantities of rough endoplasmic reticulum 
(RER), well developed Golgi complex (G) and the biggest 
size of nucleus (N) relative to the other months of the 
year. Glycogen (Gly) is in the form of homogeneous masses. 
Numerous mitochondria (Mit) are dispersed throughout the 
cytoplasm.
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FIG. 26
EXPLANATION OF FIGURE
Hepatocyte from dab (Limanda limanda L.) in February. 
The rough endoplasmic reticulum (RER) is present in 
tubular form. The nucleus (N) is surrounded by numerous 
lipid droplets (L) and mitochondria (Mit). The glycogen 
(Gly) exists in the form of rosettes.
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FIG. 27
EXPLANATION OF FIGURE
Hepatocyte from dab (Limanda limanda L. ) in April. 
Note the high density of cytoplasm with enlarged 
mitochondria (Mit) and lipid droplets (L). The 
nucleus (N) appears to have condensed heterochromatin 
clumps.
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FIG. 28
EXPLANATION OF FIGURE
Hepatocyte from dab (Limanda limanda L. ) in June.
Note the high density of cytoplasm with the biggest 
size of lipid droplets (L) and mitochondria (Mit) 
relative to the other months of the year. The nucleus 
(N) appears to lack the usually center-located 
heterochrcxnatin clumps. There are numerous discrete 
melanin granules (MG) in the cytoplasm.
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FIG. 29
EXPLANATION OF FIGURE
Hepatocyte from dab (Limanda limanda L.) in August. 
The cytoplasm contains numerous lipopigment-like 
granules (LG). The comer-located nucleus (N) is 
surrounded by a number of mitochondria (Mit).
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FIG, 30
EXPLANATION OF FIGURE
Hepatocyte from dab (Limanda limanda L.) in October.
Note the enlarged lipopigment-like granules (LG), 
basally located nucleus (N), small fragment of rough 
endoplasmic reticulum (RER) with clear parallel arrays 
along the cell border and large amount of glycogen (Gly) 
in a form of homogeneous masses throughout the cytoplasm. 
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Discussion
There were dramatic changes in the ultrastructure of dab 
hepatocytes during the year, which were the results of 
multiple relevant factors including changes in temperature, 
photoperiod and starvation.
Higher amount of rough endoplasmic reticulum and more 
highly developed Golgi complex have been reported in cold- 
adapted fish such as the rainbow trout (Salmo qairdneri)  
(Berlin & Dean, 1967) and golden ide fLeuciscus idus 
melanotus) (Segner & Braunbeck, 1990). Similar result was 
found in the winter-adapted dabs. During the winter, the dab 
hepatocytes had higher volume density of mitochondria, more 
highly developed cristae and higher density of matrix than 
those in the other times of the year, suggesting a higher 
activity of aerobic metabolism in dab hepatocytes during 
this period. Biochemical studies have revealed that limanda 
undergoes a period of depletion during the coldest months 
(January-April) (Chapter 2). The dabs in April had undergone 
food deprivation for nearly four months, therefore, the 
mitochondrial swelling in dab hepatocytes during April was 
thought to be related with deep starvation in dabs. 
Corresponding to the maximum storage of energy reserves such 
as glycogen and lipid in dab hepatocytes in October, the 
hepatic mitochondria were reached their minimum level in 
number which might have the purpose for providing more 
cytoplasmic space for energy reserves and maintaining a
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minimum level of energy expenditure, thus made it possible 
for maximum storage of energy reserves occurring in dab 
hepatocytes.
Glycogen in fish can exist in a variety of forms. For 
example, the hepatic glycogen in carp (Cyprinus carpio) 
appears as rosettes in a form of 0(-particles (Saez et al. 
1984), whereas in golden ide fLeuciscus idus melanotus), the 
glycogen was composed of (X and  ^rosettes and the proportion 
of 0( - to p-rosettes varies according to different months 
(Segner & Braunbeck, 1990). The dab rLimanda limanda L.) 
showed remarkable variations in the existing form and 
quantity of hepatic glycogen throughout the year. During the 
period between October and December, the glycogen existed in 
a form of loosely packed homogeneous masses throughout the 
cytoplasm of hepatocytes. In contrast, the hepatic glycogen 
appeared as rosettes, a more densely packed form in February 
following cold temperature acclimatization.
Storch & Juario (1983) stated that the hepatocytes in 
starved teleosts were characterized by exhibiting a 
reduction in the size of nucleus and condensation of the 
chromatin material. A similar finding was found in the 
hepatocytes of the winter-starved dabs (Fig.26).
Storage of lipid in flatfish livers is a normal process 
(Welsh & Storch, 1973; Pierce et al., 1978, 1980; Segner & 
Moller, 1984). The dab hepatocytes exhibited a variety of 
forms in lipid storage during the year. The lipid inclusions 
appeared as homogeneous masses in December, lipid droplets
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during the period from February to June, lipopigment-like 
granules in August, homogeneous masses and lipopigment-like 
granules in October.
During the period between August and October, dab 
hepatocytes were characterized by containing enormous 
lipopigment-like granules. The ultrastructure of 
lipopigment-like granules in dab hepatocytes was different 
from that reported in other fish species such as dogfish 
(Scyliorhinus canicula) (Agius & Agbede, 1984) and juvenile 
grey mullets (Liza saliens Risso, Liza ramada Risso and Liza 
aurata Risso) (Biagianti-Risbourg, 1991). Studies to date 
have shown that lipopigments are lipid-containing pigments 
including lipofusin and ceriod, lipofusin appears to be the 
most abundant pigment in all fish species (Agius & Agbede, 
1984) while much of the pigment contained within the teleost 
liver is ceriod (Wood & Yasutake, 1956). Pish are 
ectotherms, they need high values of unsaturated lipid in 
their tissues to maintain the membrane fluidity essential 
for normal metabolic process even at low temperatures. 
Unsaturated lipids are particularly prone to peroxidation 
with the possible formation of lipopigments (Cowey &
Sargent, 1977? Sellner & Hazel, 1982). In general, the 
possible formation of lipopigments needs to meet the 
following conditions: 1) pigment-containing cells (Agius & 
Agbede, 1984), 2) abundant unsaturated lipids (Sambrajsk & 
Ordy, 1967), 3) damaged cellular components such as effete 
mitochondria which is general result of starvation (Agius &
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Agbede, 1984), 4) abundant lysosoraes (DeDuve & Wattiaux, 
1966). There was no doubt that numerous lipopigment-like 
granules occurring in dab hepatocytes in August since dab 
hepatocytes reached all the conditions needed for formation 
of lipopigments after June.
The origin of lipopigments is not resolved and their 
function is poorly understood. The dab hepatocytes provide a 
very good model for morphological and ultrastructural study 
of pigment-carrying cells.
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Chapter 5 
General discussion
Fish are subject to multiple variables under field 
conditions, which include temperature, nutrition, 
photoperiod and hormonal (e.g. reproductive) state.
The compensatory mechanisms for tissue function of 
seasonal acclimatized animals are complex and thought to 
involve biochemical (Kent et al., 1992; Chapter 2), 
ultrastructural (Chapter 3 &, Chapter 4) and cellular or 
subcellular morphological (Segner & Braunbeck, 1990; Chapter 
4) changes. These adaptive adjustments often reflect a 
pattern similar to that observed for laboratory acclimation 
on selected environmental variables. Kent et al (1992) 
studied alterations in liver composition of channel catfish 
(Ictulurus punctatus) during seasonal acclimatization. They 
suggested that temperature and nutrition, among other 
factors, play interactive roles in eliciting the pronounced 
seasonal differences.
Generally, the maximal activities of some of the enzymes 
involved in the aerobic energy pathways increase following 
cold-acclimation (Hazel & Prosser, 1974) or cold- 
acclimatization (Kleckner & Sidell, 1985). In the present 
study, the LDH activity in dab white muscle was reached the 
maximal annual value (38.39+4.20 nmol/g/min) in December, 
which was coincident with the minimal annual values of sea
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water temperature of 6*^ C and day length of 7 h (Chapter 2). 
Guderley & Foley (1990) found that phosphofructokinase and 
pyruvate kinase activities were significantly higher in the 
swimming muscles of winter- than summer-acclimatized male 
ninespine sticklebacks fPunaitius punaitius) (Guderley & 
Foley, 1990). These elevated enzymes activities may reflect 
either the higher activities of the enzymes in the 
mitochondria of cold-acclimated/acclimatized fish and/or 
changes in membrane composition which enhance enzyme 
activity (Hazel & Prosser, 1974) or the increase in the 
volume density of mitochondria (Sidell, 1983), or some 
molecular structure change (Johnston et al., 1975; Crockford 
& Johnston, 1990).
During the winter acclimatization in dab, liver protein 
concentration was significantly increased and reached the 
highest annual value (150.8+14.4 mg/g) in December (Chapter 
2). This result was consistent with the laboratory findings 
reported as 'protein hypertrophy' for cold-acclimated green 
sunfish fLepomis cyanellus) (Kent et al. 1988). The 'protein 
hypertrophy' was also observed occurring in the liver of 
winter-acclimatized golden ide (Segner & Braunbeck, 1990). 
Unlike dab (Limanda limanda L.), the winter-acclimatized 
golden ide showed an increase in the liver mass rather than 
protein concentration, which was similar to the pattern 
reported for channel catfish (Ictalurus punctatus) (Kent et 
al., 1988; Segner & Braunbeck, 1990). Kent et al (1988) 
suggested that this 'protein hypertrophy' is to enhance
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tissue metabolic capacity which allows homeokinetic function 
within a genetically determined range of environmental 
temperatures (Kent et al. 1988).
Thermal-acclimation-induced alterations in the 
ultrastructure of fish muscle have also been well documented 
(Johnston & Maitland, 1980; Penney & Goldspink, 1980; Tyler 
& Sidell, 1984; Egginton & Sidell, 1986, 1989; Fleming et 
al. 1990). In general, the quantitative changes in the 
populations of muscle organelles during cold-acclimation in 
fish include 1) an increase in the volume density of 
mitochondria (Johnston & Maitland, 1980; Tyler & Sidell, 
1984; Egginton & Sidell, 1986, 1989; Fleming et al. 1990),
2) an increase in the surface density of the SR (Penney & 
Goldspink, 1980), 3) a reduction in the mean diameter of 
myofibrils (Penney & Goldspink, 1980; Fleming et al. 1990), 
4) increases in the number of capillaries per muscle fibre 
(Johnston, 1982), and 5) an increase in the content of 
muscle energy stores such as glycogen (Johnston & Maitland, 
1980) and lipid (Egginton & Sidell, 1989). Such 
restructuring of muscle will reduce the mean diffusion path 
length between the mitochondria and myofibrils and increase 
the area of exchange surface between membrane from 
cytoplasmic and organelle compartment (Sidell & Hazel,1987).
In the present study, the volume density of lipid 
droplets was significantly higher in the red muscle fibres 
of winter- than summer-acclimatized dab, which was similar 
to that reported for cold-acclimated striped bass (Egginton
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& Sidell, 1989), Egginton & Sidell (1989) found that in 
striped bass, lipid droplets increased 13-fold from 0.6 to 
8% in red muscle fibres following acclimation from 25°C to 
5°C. This elevated volume density of lipid droplets may 
enhance the aerobic capacity of fish muscle by accelerating 
diffusion of oxygen in lipid (Londravill, 1988; Egginton & 
Sidell, 1989). In contrast, the winter-acclimatized dab 
showed a decrease in the volume density of mitochondria in 
red muscle fibres (Chapter 3). This inconsistent results 
between the field and laboratory studies suggest that 
variables other than temperature are involved in modifying 
muscle ultrastructure of seasonal acclimatized fish.
In recent years, the adjustment of cellular and 
subcellular morphology has been considered to be 
particularly important in adaptive response of organisms to 
fluctuating environment (Sidell, 1983; Segner & Braunbeck, 
1988; Egginton & Sidell, 1989; Segner & Braunbeck, 1990).
It was evident that the cellular and subcellular 
morphology of hepatocytes from winter-acclimatized dab was 
present as a pattern similar to that observed in the cold- 
acclimated fish, such as the rainbow trout fSalmo qairdneri) 
(Berlin & Dean, 1967), carp (Cyprinus carpio) (Storch et al. 
1984) and golden ide (Leuciscus idus melanotus) (Braunbeck 
et al. 1987). Theoretically, temperature is an important 
determinant of the rate of intracellular diffusion of small 
compounds, and affects directly the rate of diffusion and 
the viscosity of cytoplasm (Wojcieszyn et al., 1981; Mastro
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et al., 1985; Gershon et al. 1985). The viscosity of 
cytoplasm shows an inverse relationship with temperature. At 
body temperatures experienced during winter, the diffusive 
flux of critical metabolites and regulatory ion will be 
greatly slowed, as a result, tissue metabolic capacity is 
reduced (Sidell & Hazel, 1987). Tissue metabolic capacity is 
a more critically important parameter for whole-organism 
function and need to be maintained within specific limits 
through physiological and cellular or subcellular 
morphological adjustments. Laboratory studies have shown 
that liver metabolic capacity of cold-acclimated fish can be 
enhanced by the increased rate of protein synthesis in 
hepatocytes which contain a more dilated rough endoplasmic 
reticulum (RER) in the cold-than warm-acclimated fish 
(Berlin & Dean, 1967; Storch et al., 1984; Braunbeck et al. 
1987). The more dilated rough endoplasmic reticulum (RER) 
and the increase in the size of nucleus in the hepatocyte of 
winter-acclimatized dab reflected a similarly subcellular 
morphological changes (Chapter 4).
A fall in water temperature during the winter may result 
in a dramatic reduction in the availability of prey species. 
During this period, dietary deficency becomes particularly 
important, which is observed to be responsible for the 
increase of tissue water content (Kent et al., 1992; Chapter 
2) and the depletion of body protein and lipid (Dawson & 
Grimm, 1980; Chapter 2) as well as tissue energy stores 
(Segner & Braunbeck, 1990; Chapter 2).
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Starvation in fish results in an overall decrease in 
metabolism as indicated by changes in both enzyme activities 
and hepatocyte flux (Foster & Moon, 1991), In the present 
study, the lowest annual values of LDH activities in 
skeletal muscle from the winter-acclimatized dab were 
correlative with seasonal starvation (Chapter 2).
Food availability can also affect tissue ultrastructure 
(Johnston, 1981; Storch & Juario, 1983; Segner & Moller, 
1084; Beardall & Johnston, 1985). In general, starvation 
leads to depletion of peripheral tissues, especially 
skeletal muscle which shows a decreased fractional volume 
occupied by mitochondria, myofibrils and lipid droplets 
(Beardall & Johnston, 1985). The ultrastructural features of 
the hepatocytes in fasted fish show a reduction in size of 
cell and nucleus, endoplasmic reticulum (ER) profiles and 
energy reserves (Storch & Juario, 1983; Segner & Moller, 
1984). In the diet-restricted dab, the lowest annual values 
in fractional volume occupied by mitochondria in red muscle 
fibres and myofibrils in white muscle fibres reflected a 
depletion of skeletal muscle resulted by seasonal starvation 
(Chapter 3). Also a reduction in the size of cell and 
nucleus, and endoplasmic reticulum profiles was observed 
occuring in the hepatocytes of winter-acclimatized dabs 
(Chapter 4). Compared with the laboratory studies, these 
consistent results reflect that the factor of food 
availability becomes dominant during this stage.
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It can be concluded that, first, both temperature and 
nutrition compensations are involved in eliciting the 
seasonal variations in tissue composition (Chapter 2), 
muscle ultrastructure (Chapter 3) and morphology of 
hepatocyte (Chapter 4) in the juvenile dab (Limanda limanda 
L.}, and second, thermal compensation may be masked by 
feeding activity.
Future prospects
First, laboratory acclimation and seasonal 
acclimatization in fish species have been well documented 
(Prosser, 1986). However, few comparisons have been made of 
tissue and whole-organism function in fish between 
laboratory acclimation and seasonal acclimatization 
(Kleckner & Sidell, 1985; Segner & Braunbeck, 1990; Kent et 
al. 1992). Therefore, more comparative data between 
laboratory and field should be obtained from a wide range of 
species.
Second, the results presented in this thesis are the 
first to demonstrate alterations in the ultrastructure of 
teleost hepatocytes during a year's life cycle. More 
research on the natural enviornment-induced phenotypic 
plasticity of cell structures need to be done.
Third, most of studies on temperature acclimation in 
fish have been concerned with adult stages. Recent research
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suggests that the larval and juvenile stages of the life 
cycle may be much more sensitive to temperature change 
(Vieira & Johnston, 1992; Calvo & Johnston, 1992). For 
example, only a 5^C difference in acclimation temperature 
could result in a significant changes in the proportion and 
distribution of tonic and red muscle fibres in the myotomes 
from turbot larvae (Scophthalmus maximus L.) (Calvo & 
Johnston, 1992). The effect of development on the phenotypic 
plasticity of fish tissues is therefore another exciting 
area for future research.
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